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SUMMARY 
The thesis comprises of five chapters. Chapter-I-
is a General Introduction which takes into account the 
theory and practice of the adsorption and ion-exchange 
studies in the context of the present day problem of 
pollution. A thoroucji. survey of literature of last thirty 
years on these two aspects is incorporated with a view 
to highlight the basic problems at hand and their remedy 
using these methods. The Introduction is followed by a 
list of 331 references. 
The Chapter-II is entitled as "Adsorption of 
Tertiary Nitrogen Containing Compounds on Activated 
Carbon: Equilibrium Studies of Nicotinic Acid in Aqueous 
Systems". In this chapter, adsorption studies of nicotinic 
acid, a tertiary nitrogen compound, have been discussed on 
activated carbon at 30, 40, 50 and 60 C in pure water and 
in the presence of a decimolar NaCl solution. Such types 
of ccxnpounds cause respiratory tract and gastrointestinal 
disturbances, damage kidneys and liver, and are suspected 
carcinogens.' Various equations for the adsorption isotherms 
have been tried to fit the adsorption data by using a 
computer programme, and it has been observed that all the 
isotherms follow a Langmuirian pattern. The thermodynamic 
parameters calculated for both the systems are given in 
Table-I. The mechanism of adsorption has also been put 
forward on the basis of these parameters. It has been 
observed that the adsorption.of nicotinic acid on activated 
carbon in pure aqueous medixim increases with the increase 
in temperature from 40 to 60 C. The total adsorption of 
nicotinic acid at 30 C shows an abnormal value i.e. 
between 50 and 60 C which may be due to strong hydrogen 
bonding between the functional groups of nicotinic acid 
and activated carbon. A steep rise in adsorption isotherm 
may be due to surface concentration of nicotinic acid 
molecules on the surface of AC. It has also been observed 
that the presence of an electrolyte (NaCl) plays a signi-
ficant role in the adsorption process. 
In Chpater-III (jthe equilibrium studies of 2,6-
lutidine on activated carbon in aqueous solutions have 
been summarized. The studies have been made at different 
temperatures such as 30, 40, 50 and 60 C in pure water and 
0.1 M NaCl solution. The aim of this study is to under-
stand the surface reactions affecting the adsorption of 
such type of compounds.' 
Most of the adsorption isotherms observed, show a 
two step process for each temperature, except at 60*^ C 
in pure aqueous medium. Different equations for different 
adsorption isotherms have been tried to fit the adsorp-
tion data by using a computer simulation technique. The 
analysis of adsorption data reveals some interesting 
results. They follow a mixed trend in adsorption pattern. 
Some obey the Freundlich type behaviour and others the 
Langmuirian type. The overall thermodynamic paramters have 
been calculated from the isosteric enthalpy at a particular 
surface coverage (Table II). On the basis of these parameters 
a mechanism of adsorption process has been proposed. It 
has been observed that presence of an electrolyte (NaCl) 
increases the total adsorption of 2/6-lutidine on activated 
carbon. 
Chapter - IV is entitled as "Equilibrium Studies 
for the Forward and Backward Metal-H(I) Exchanges on 
Antimony(V) Arsenophosphate". As we know the ion exchange 
equilibria are of great practical and theoretical importance 
and have the subject matter for a large numijer of studies 
ever since the ion exchangers were recognized as such. The 
appropriate means of describing equilibria is on the basis 
of thermodynamics. Hence the thermodynamics of ion-exchange 
on synthetic inorganic ion exchangers has been of great 
interest among the scientists in the recent years. 
4 
This chapter contains the results of equilibriiJin 
studies on amorphous antimony(V) arsenophosphate for the 
forward and backward exchanges of Fe(III), Cu(II), Ni(II), 
Hg(ri) and Mn(II), which are some of the important pollu-
tants, at 30 and 50°C. The selectivity of the H(I)/Metal 
and Metal/HCl) exchangesnas been studied at a constant 
ionic strength of 0.03 on antimony(V) arsenophosphate. Cn 
the basis of ion-exchange isotherms, various thermodynamic 
parameters have been calculated (TablesIII, IV), and some 
predictions are made for the exchange processes taking 
place in the material. The overall order of uptake of 
different metal ions is: 
Fe(IIl) >Ni(II) > Mn(II)> Cu(II) >Hg(II) . 
The above sequence suggests that the exchange of 
these metal ions occurs in the unhydrated form. They shed 
away most of their water of hydration at the surface of 
exchanger and get hydrated again after being exchanged. 
In Chpater-V/the evaluation studies of the dimen-
sionless time parameter for some particle diffusion 
controlled forward and reverse H(I) - Cation(l), OH(I)-
anion(I) and OH (I) - anion (II) exchanges have been made .^  
In addition to the ion-exchange procedures in which a high 
s e l e c t i v i t y for a p a r t i c u l a r ions are required, new appl ica-
t ions in the area of heterogeneous c a t a l y s i s , sol id e l e c t -
ro ly tes , inorganic ion-exchange membranes, i on - se l ec t ive 
e lect rodes and i n t e r c a l a t i o n compounds can be explored. 
In most of these f i e l d s , information of ion-exchange k i n e t i c s 
and mobili ty of counter ions in the l a t t i c e s t ruc ture are 
needed. The k i n e t i c parameters are important to understand 
the mechanism on the surface during the ion exchange 
process for which a knowledge of the dimensionless time 
parameter, T , for the var ious mobil i ty r a t i o i s e s s e n t i a l 
and makes the c a l c u l a t i o n s much e a s i e r . 
In the p a s t , t h e p r a c t i c e had been to determine the 
T values by the graphical method, which was not accura te . 
Also, i t i s not app l icab le to a t rue ion exchange p rocess . 
The present study i l l u s t r a t e s a novel procedure for such 
an evaluation which i s based on the e x p l i c i t expressions 
given by Helfferich and represents a t rue ion exchange 
process . The t ab l e s i l l u s t r a t e the ' values calcula ted 
by a computer simulation technique for both the forward 
and reverse ion-exchange processes for the monovalent 
cations and anions and b i v a l e n t anions against the H(I) 
and OH(I) ions r e s p e c t i v e l y . 
H 
U 
3 
O 
G 
•H 
•P 
O 
O 
c 
o 
-H 
•p 
& 
o 
w 
rO 
0) 
x: 
•p 
M 
o 
n 
0) 
Ul 
•p 
u 
0) 
i^  
-p 
+J 
c 
(U 
^^  
0) 
l+-t 
4-1 
-p 
CO 
(U 
4-> 
0) 
(0 
M 
fO 
a 
u 
•rH 
e 
m 
c 
>, 
-a 
o 
0) 
x: 
6H 
•H 
U 
(0 
0) 
e 
u 
2 
(0 
0) 
6 
n 
3 
o 
cr 
(0 
u 
D 
0. 
t^ 
o 
E 
w 2 
o 
e 
o 
<1 3 
o 
e 
<3 3 
o 
E 
<3 
u 
o 
iD 
CN 
n 
fn 
CO 
(N 
O 
vO 
m 
o 
• ^ 
ro 
.-1 
r-
o 
•c" 
• 
o 
vO 
iH 
VO 
«-t 
• o 
1 
r-fNI 
(j\ 
in 
• 
T-( 
«-> 
CN 
f-l 
vO 
• O 
1 
CD 
<M 
CO 
iH 
• CM 
1 
00 
(N 
»-( CO 
• 
o 
.-( 
T 
r-00 
• CN 
1 
r-t 
CO 
ro 
O 
• 
*H 
o 
in 
CN 
o 
• o 
1 
in 
ro 
r^ 
o 
• o 
1 
CO 
o CM 
o 
• o 
1 
CO 
CN 
CN 
O 
• O 
1 
CM 
r~ in 
CO 
• 
o 
ro 
O 
ro 
* O 
1 
iH 
ro 
cr\ 
»* 
• CN 
1 
o CO 
in 
a\ 
• 
o 
r^  
ro 
tH 
o 
• 
o 
r-l 
in 
o 
o 
• o 
1 
cr> 
00 
CO 
CO 
• 
o 
o 
(N 
n 
• o 
1 
• 
rH 
1 
f-l 
0 
E 
2 
r-
in 
CM 
• 
1 
• i-H 
1 
0 
E 
2 
r^* 
• 
<-* 
o 
ro 
O O 
in 
o I J J 
H 
H 
U 
0) 
u 
ft) 
+> 
rt) 
d 
o 
XI 
rt) 
o 
T) 
Q) 
-P 
n) 
?• 
rt) 
c: 
O 
0) 
c: 
t) 
$ 
I 
o 
c: 
o 
•H 
& 
o 
CO 
-d 
(0 
0) 
o 
10 
t-l 
<u 
-p 
<X} 
a. 
u 
•r-l 
c 
?N 
-d 
o 
a 
0) 
x: 
a> 
VD 
o 
0) 
C3> 
03 
0) 
> 
o 
o 
Q 
•d 
Q) 
E 
i H 
u 
fO 
2 
6 
;3 
•H 
T) 
0) 
e 
o 
fO 
a 
o 
e 
<] 3 
o 
E E 
a 
<1 3 
0) 
o 
c 
I 
w 
<1 2 
I 
O 
<] i 
u 
c 
o 
o 
03 
O 
O 
I 
CD 
• 
I 
o 
CO 
o 
• 
o 
I 
CM 
0 ^ 
I 
o 
CO 
CO 
r) 
00 
o 
o 
I 
CN 
" J -
CTv 
CD 
• 
in 
I 
(N 
in 
ON 
o 
CO 
KO 
^ 
I 
o 
o 
ro 
CO 
O 
• 
o 
I 
in 
in 
I 
a\ 
r~ 
o 
• 
o 
I 
CO 
m 
I 
o 
o 
in 
m 
CO 
o 
o 
n 
I 
o 
o CM 
r-
o 
LO 
>X) 
CM 
O 
in 
o CTN 
o 
o VO 
in 
o 
o 
CO 
o 
o 
I 
o 
CO 
CM 
o 
o 
CO 
r-
o 
ro 
O O 
in 
o 
o 
E 
hi 
;i2 
o 
CO 
ro 
O 
• 
.-H 
ro 
0 
E 
•^  
X 
o 
.H 
o 
r~ 
• 
CN 
ro 
1 
to 
0) 
D^ 
C 
o 
X 
0) 
H 
H 
M 
W 
J 
§ 
B 
1 
H 
H 
Vwi* 
;3 
U 
TJ 
C 
n) 
H 
—^ X 
1 
---^  
H 
H 
H 
s.^ 
0) 
fn 
% 
^^ 
H 
• » - ^ 
s 
• " ^ ^ 
H 
H 
s-^ 
01 
X 
Ht 
? 
i 
G 
S 
« 
H 
1 
«-N 1 
H 
H 
•H 
0 
3 
> 
u 
•H 
C 
0 
e 
QJ 
M 
Q) 
01 
0) 
x: 
u X 
0) 
c 0 
•H 
-p fO 
u 
0) 
-p 
(0 
^ 
^ 
o 4= 
a 
o 
c 0) Ui 
u fO 
^^ 
>^  
c 
0 
E 
•H -p 
c (0 
c 
o 
u 0 
o 
LD 
TJ 
c 
o 
ro 
+J 
m 
(1) 
-p 
l^ H 
4-1 X n3 
I 
0) H 0) 
3 M 
> 0 n 
0) 
H 
M - ^ 
O X +J 
4-1 I rtJ 
" H E 
0) H 3 
P H +J 
-H ^-^ 10 
fO 0) > t 
> t< CO 
0) 
x: 
•p 
O ^ ^ +J 
4-1 X ro 
I 
QJ H 0 
3 H +J 
rH --^ « 
fO Oi > i 
> X W 
Q) 
-P 
In H 
O — 4J 
4H X rt) 
I 
CO ^-^ E 
0) H OJ 
3 H 4-) 
M - ^ (0 
03 C > i 
> S M 
QJ 
x: 
• p 
M ^ 
4^ X fO 
I (0 ^ E 
0) M Q) 
> 2 10 
u 
•H 
c 
>> 
XJ 
o a 
0) 
x: 
H 
M 
QJ 
-P 
0) 6 
fO 
u TJ 
a 
u 
o 
o 
o 
D 
O 
ro 
U 
D 
O 
U 
D 
o 
U 
3 
O 
in 
u 
O 
o 
fO 
U D 
o 
i n 
U 
0 
o 
n 
U 
D 
O 
u 
o 
O 
CO 
ul 
• 
r-
OJ 
yo 
o 
• in 
(N 
r-{ 
Oi 
• 
CO 
1 
CM 
rH 
• 
CO 
1 
CO 
CO 
ro 
a> 
in 
• 
CTi 
m 
o 
VD 
• 
o\ 
ro 
8 
r-
00 
• (M 
ro 
CO 
ro 
• 
ro 
CM 
CO 
ro 
• 
G\ 
1 
• ^ 
C7\ 
• 
r-
1 
CM 
CO 
• 
ro 
.-( 
00 
ro 
• 
vO 
T-{ 
\D 
in 
r-i 
in 
• 
f-
1 
ro 
cn 
i n <4D 
ro 
CM 
• 
CO 
• 
CM 
co 
• 
CO 
1 
00 
• 
r-
CO o 
CO 
CO 
i£) 
r^  
rr 
• CM 
in 
rsj 
^ 
• 
r-
ro 
in 
vo 
• 
o 
tH 
1 
• ^ 
t-l 
• 
ON 
VO 
00 
• in 
ro 
CO 
r--
CO 
est 
o 
CN 
« 
CO 
• ^ 
r^ 
CO 
i n 
in 
cr> 
o 
e 
•^  
i4 
) 
O 
C] 
o 
E 
•^  
i^  
0 
X 
o 
f-i 
o 
E 
i^  
cT" 
CO 
<3 
0 
u 
1 
M 
— 
X 
'O 
c 
ID 
, - v 
M 
M 
M 
•— 
0) 
u, 
1 
, - x 
M 
~-^ 
X 
% 
^^ 
H 
H 
s—^ 
O i 
X 
1 
^ ~ N 
H 
^^ 
X 
u d) 
en 
C 
fO 
£ 
U 
X 
OJ 
c 0 
•H 
V 
fO 
u 
0) 
4J 
(D 
x: 
a 
to 
0 
x: 0. 
0 
c 0) 
10 
M 
03 
W 
^ 
§ 
H 
- - V 
H 
H 
-—' 
C 
1 
-^> 
H 
X 
s 
H 
H 
' 1 ^ 
-H 
2 
1 
^ - v 
0 
to 
a; 3 
r-{ 
(0 
> 
u 
•H 
G 
0 
g 
> 
—' 
> i 
c 0 
E 
• H 
-p 
c 
ID 
c 
0 
u 
0 
o 
i n 
c 
o 
4J 
ID 
V) 
0) 
CP 
C (D 
x: 
o 
X 
0) 
0) 
-p 
o 
^ fD 
(/) U 
-1 M 
(D —' 
> X 
0) 
-C 
4-> —-
M 
1^  M 
O M 
0) 
E 
(U 
+J 
I/) 
>, 
to 
fD 
> 
(1) 
•p 
O 
4-( 
to 
0) 
3 
/H 
fD 
> 
I 
P 
to 
> 1 
to 
H 
H -P 
— fO 
x: e 
- ^ > i 
X to 
x: 
-p 
U H 
O H 4-> 
C 
^ i 
- ^ > i 
X M 
tl) 
x: 
-p 
u 
o 
4-1 
to 
0) 
3 . 
> 
— ID 
to 
to 
c M 
>, 0) 
T) 
o 
g 
0) 
x: 
H 
•P (U 
§ 
M 
(D 
Q< 
u 
o 
o 
u 
0 
o 
u 
o 
o 
in 
U 
o 
o 
m 
o 
o 
o 
in 
U 
O 
f»1 
U 
D 
O 
in 
U 
o 
n 
U 
O 
O 
in 
O 
o 
• ^ 
CM 
• 
O 
r o 
( N 
O 
\o 
• 
r o 
O 
r^  
n 
• 
I—1 
in 
CO 
• 
i n 
OJ 
i n 
o 
O 
ro 
tN 
CTi 
in 
(N 
tjN 
(^ J 
CTi 
vO 
• ^ 
rn 
• 
r-< 
r o 
<7\ 
i n 
• 
t—1 
o 
CNJ 
• 
t—1 
n 
o 
• ^ 
VO 
• 
o 
CN 
(N 
• 
rn 
i n 
• 
r-< 
O 
• 
MD 
O 
VO 
CM 
VO 
n 
CM 
o 
o 
o 
(M 
0 
e 
•^ 
:^ 
o^  
o 
<] 
0 
1^ 
1^  
O^ 
X 
<] 
0 
e 
•^ 
o"' CO 
<J 
SOME PHYSICOCHEMICAL STUDIES ON 
ADSORPTION AND ION-EXCHANGE 
THESIS SUBMITTED FOR THE DEGREE 
Doctor of Philosophy 
IN" 
CHEMISTRY 
BY 
KHWAJA ZUBER ALAM 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202 002 (INDIA) 
1991 
CBECKED-2C \JA 
2 6 JUH \ ^ T4279 
TO 
MY PARENTS 
K. GOPAL VARSHNEY 
M.Sc. Ph.D. 
READER 
DEPARTMENT OF APPLIED CHEMISTRY 
Phone : (Off.) O57i-eo42 
FACULTY OF EN6G. & TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202 002 (INDIA) 
D a t e d : 1 7 . 6 . 1 9 9 1 
CERTIFICATE 
This is to certify that the work embodied 
in this thesis is the original contrioution of 
the cancidate and is suitable for submission for 
the award of Pn.D. degree in Chemistry of Aligarn 
Muslim University, Aligarn. 
(K..G. Varshney) 
Supervisor 
ACKNOWLEDGEMENT 
At t h e v e r y o u t s e t , I pay homage t o l a t e P r o f e s s o r 
Mohsin Q u r e s h i who was t h e s o l e i n s p i r a t i o n , t o me and who 
g u i d e d me f o r t h i s e n d e a v o u r . 
I p l a c e on r e c o r d my deep sense of g r a t i t u d e t o 
D r . K.G. V a r s h n e y , R e a d e r , Deparmenr of App l i ed C h e m i s t r y , 
f o r h i s c o n s t a n t e n c o u r a g e m e n t , u n f l i n c h i n g s u p p o r t and 
e x c e l l e n t s u p e r v i s i o n which e n a b l e d me t o f i n a l i z e a l l 
my i n v e s t i g a t i o n s . I s i n c e r e l y t h a n k P r o f . M. Ajmal , 
Cha i rman , D e p a r t m e n t of A p p l i e d Chemis t ry , who n o t o n l y 
p r o v i d e d me w i t h n e c e s s a r y r e s e a r c h f a c i l i t i e s r a t h e r t o o k 
a keen i n t e r e s t i n my w o r k . 
I am e q u a l l y g r a t e f u l t o my e r u d i t e t e a c h e r . 
D r . Anees Ahmad, L e c t u r e r , Depar tment of C h e m i s t r y , whose 
c o n s t a n t s u p p o r t and c o u n s e l e n a b l e d me t o g i v e t h i s t a s k 
i t s p r e s e n t s h a p e . 
i m u s t e x p r e s s t h a n k t o my f r i e n d s and c o l l e a g u e s 
D r . A.R, Khan, D r . A .H. Khan, S .B. Singh, M.S . S i d d i q u i , 
D i l s h a d , Tabassum and Sehba f o r t h e i r c o o p e r a t i o n , b e n e -
v o l e n c e and a d v i c e . 
I am i n d e b t e d t o my u n c l e Mr. A.M. Shamsi f o r h i s 
keen i n t e r e s t i n my a c a d e m i c p u r s u i t s and h i s v a l u a b l e 
i i 
g u i d a n c e . I am e q u a l l y t h a n k f u l t o a l l of my f a m i l y members 
f o r t h e i r g r e a t a f f e c t i o n ana c a r e . 
I t h a n k Mr . H . S . Sharma who t y p e d t h e m a n u s c r i p t 
m e t i c u l o u s l y w i t h i n f i n i t e p a t i e n c e . 
F i n a l l y , I t h a n k U n i v e r s i t y G r a n t Commission ( I n d i a ) 
f o r t h e award of a f e l l o w s h i p . 
(KHWAji/ ZUBER ALAM) 
ACKNOWLEDGEMENT 
L I S T OF PUBLICATIONS ^ 
L I S T OF TABLES i i i 
LIST OF FlGUft£s 
• • 
1 
42 
I V 
CHAPTgR I 
Mniril introduction 
CHAPTER I I 
A d s o r p t i o n of T e r t i a r y N i t r o g e n C o n t a i n i n g 
Compounds on A c t i v a t e a C a r b o n : E q u i l i b r i u m 
S t u d i e s of N i c o t i n i c Acid i n Aqueous Sys tems 
i n t r o d u c t i o n 
E x p e r i m e n t a l 
R e s u l t s a n a D i s c u s s i o n 
R e f e r e n c e s • 
CHAPTER I I I 
A d s o r p t i o n o f T e r t i a r y N i t r o g e n C o n t a i n i n g 
Compounds on A c t i v a t e d C a r b o n : E q u i l i b r i u m 
S t u d i e s o f 2 , 5 - L u t i d i n e i n A q u e o u s S y s t e m s 
I n t r o d u c t i o n 94 
E x p e r i m e n t a l 95 
R e s u l t s a n d D i s c u s s i o n 100 
R e f e r e n c e s 213 
72 
74 
81 
92 
CHAPTER IV 
E q u i l i t i r i u m S t u d i e s t o r t h e Forward and 
Backward M e t a l - m i ) Exchanges on 
Antimony IV) a r s e n o p h o s p h a t e 
I n t r o d u c t i o n X14 
E x p e r i m e n t a l 1]_7 
R e s u l t s and D i s c u s s i o n 122 
R e f e r e n c e s 138 
CHAPTER V 
Evaluation of the Dimensionless Time 
Parameter for Some Particle Diffusion 
Controllea Forward and Reverse H(I)-
Cation(I), OH(I) - Anion(I) and OH(I)-
Anion(II) Exchanges 
Introduction 14 2 
Results and Discussion ..... 144 
References 159 
iii 
LIST OF PUBLICATIONS 
1. Adsorption of Tertiary Nitrogen Containing Compounds 
on Activated Carbon-I: Equilibriuui Studies of Nicotinic 
Acid in Aqueous Systems. 
M. Qureshi, K.G. Varshney*, A. Ahmad and K.Z. Alam. 
Colloids and Surf aces, 50_, 7 (1990). 
2. Adsorption of Tertiary liitrogen Containing Compounas 
on Activated Carbon-II:Equilibrium Studies of 2,6-
Lutidine in Aqueous Systems. 
M. U^reshi, K.G. Varshney*, A. Ahmad and K.Z* Alam. 
Colloids and Surfaces, 5£, 17 (1990). 
3. Exchange of Heavy Metal Ions on Antimony(V) Arseno-
phosphate-A Thermodynamic Study. 
K.G- Varshney*/ A. Ahmad, A.R. Khan and K.Z. Alam. 
Proc. Int. Conf. 'Heavy Metals in Indian Environment'. 
Aligarh Muslim University, Aligarh, Jan. 8-10, 1990. 
(In Press) . 
4. Evaluation of the Dimensionless Time Parameter for 
Some Particle Diffusion Controlled Forvv'ard and Reverse 
OH(I)-Anion(I) and OH(I)-Anion(II) Exchanges. 
K.G, Varshney*, A. Ahmad, A.R. Khan and K*2, Alam. 
Colloids and Surfaces, £8, 373 (1990).. 
5. Evaluation of the Dimensionless Time Parameter for 
some Particle Diffusion Controlled Forward and 
Reverse H(I)-Cation(I) Exchanges. 
K.G. Varshney*, A. Ahmad, A.R. Khan and K.Z. Alam. 
Colloids and Surfaces (1991) In press. 
iv 
LIST OF TABLES 
Table 1.1 Thermodynamic studies on various ion 
exchange materials. 
Table 2.1 Error analysis in the concentration 
determination of nicotinic acid. 
Table 2.2 Statistical parameters (r, 1/n, 1/b) 
for the Freundlich and Langmuir 
isotherras for the adsorption of nicotinic 
acid on activated carbon in pure water 
and 0.1 M NaCl systems. 
Table 2.3 Thermodynamic parameters at different 
temperatures for the adsorption of 
nicotinic acid. 
Table 3.1 Error analysis in the concentration deter-
mination of 2,6-Lutidine. 
39 
76 
82 
88 
97 
Table 3.2 Statistical parameters (r, 1/n, 1/b) for 
the Freundlich and Langmuir isotherms 
for the adsorption of 2,6-Lutidine on 
AC in pure water and 0.1 M NaCl systems. -'•'-'•'• 
T a b l e 3 .3 Thermodynamic p a r a m e t e r s f o r t h e a d s o r p t i o n 
of 2 , 6 - L u t i d i n e on a c t i v a t e d ca rbon a t a 
s u r f a c e c o v e r a g e of 2 . 6 m moles g~ . ^"^^ 
Tab le 4 . 1 V a l u e s of s e p a r a t i o n f a c t o r s and s e l e c t i v i t y 
c o e f f i c i e n t s of N i ( I I ) - H ( I ) a t 30 and 50°C 
f o r f o r w a r d and backward exchange on 
an t imony(V) a r s e n o p h o s p h a t e . 123 
Table 4 . 2 V a l u e s of s e p a r a t i o n f a c t o r s and s e l e c t i v i t y 
c o e f f i c i e n t s of M n ( I I ) - H ( I ) a t 30 and 50°C 
f o r f o r w a r d and baclcward e x c h a n g e s on 
an t imony(V) a r s e n o p h o s p h a t e . 124 
125 
126 
127 
Table 4.3 Values of separation factors and selectivity 
coefficients of Hg(II)-H{I) at 30 and 50°C 
for forward and backvv-ard exchanges on anti-
mony (V) arsenophosphate. 
Table 4.4 Value of separation factors and selectivity 
coefficients of Fe(III)-H(I) at 30 and 50°C 
for forward and backward exchanges on 
antimony (V) arsenophosphate. 
Table 4.5 Values of separation factors and selectivity 
coefficients of Cu(II)-H(l) at 30 and 50°C 
for forward and backward exchanges on anti-
mony (V) arsenophosphate. 
Table 4.6 Thermodynamic values of Ni(II)-H(l), Kn(Ii;-
H(I), Hgtll)-H(I), FeClII)-H(I) andCu(II)-
H U ) exchanges at 30 and 50 C on antimony (V) 
arsenophosphate cation exchanger. 
Table 4.7 Thermodynamic values of H(I)-Ni(II), H(I)-
Mn(ll), H(I)-Hg(Il), H(I)-Fe(III) ana H (I)-
Cu(II) exchanges at 30 and 50 C on antimony(V) 
arsenophosphate cation exchanger. 
Table 4.8 Absolute thermodynamic data for aqueous ions 
at 25°C. 134 
Table 5.1 Dimensionless time as a function of fractional 
attainment of equilibrium for some particle 
diffusion controlled H(I)-Cationd) exchanges 
involving different mobility ratios. ^^'^ 
Table 5.2 Dimensionless time as a function of fractional 
attainment of equilibrium for some particle 
diffusion controlled cation(I)-H(I) exchanges 
involving different mobility ratios. 149 
132 
133 
vi 
Table 5.3 Dimensionless time as a function of frac-
tional attainment of equilibrium for some 
particle diffusion controlled CH(I)-
Anion(I) exchanges involving different 
mobility ratios. 151 
Table 5.4 Dimensionless time as a function of frac-
tional attainment of equilibrium for some 
particle diffusion controlled Anion(I)-
0H(I) exchanges involving different 
mobility ratios. 153 
Table 5.5 Dimensionless time as a function of frac-
tional attainment of equilibrium for some 
particle diffusion controlled CH(I)-
Anion(II) exchanges involving different 
mobility ratios. 1^ 5 
Table 5.6 Dimensionless time as a function of frac-
tional attainment of equilibrium for some 
particle diffusion controlled Anion(II)-
CH(I) exchanges involving different 
mobility ratios. ^^^ 
vii 
LIST OF FIGURES 
Figure 1.1 Classification of isotherm shapes. ^ 
Figure 2.1(a) The adsorption of nicotinic acid on 
activated carbon at different tempe-
ratures in pure aqueous medium. 77 
Figure 2.lCb) The adsorption of nicotinic acid on 
activated carbon at different tempe-
ratures in 0.1 M NaCl medium. 77 
Figure -2.2(3) Langmuir plots for the adsorption of 
nicotinic acid on activated carbon in 
pure aqueous medium. '^ 
Figure 2.2(b) Langmuir plots for the adsorption of 
nicotinic acid on a'ctivated carbon in 
0.1 M NaCl medium. 79 
Figure 2.3(a) The maximum adsorption achieved with 
temperature at different critical 
equilibrium concentrations in pure 
aqueous medium. 
Figure 2.3(b) The maximum adsorption achieved with 
temperature at different critical 
equilibrium concentrations in 0.1 M 
NaCl medium. ^ 
83 
89 
Figure 2.4 The p l o t s of thermodynamic pa ramete r s 
a t d i f f e r e n t t e m p e r a t u r e s . 
F igure 3 .1(a) The a d s o r p t i o n of 2,6 Lu t i d ine on 
a c t i v a t e d carbon a t d i f f e r e n t tempera-
98 t u r e s in pu re aqueous medi'jm. 
Figure 3.1(b) The a d s o r p t i o n of 2 , 6 - L u t i d i n e a t 
d i f f e r e n t t e m p e r a t u r e s in 0 .1 M NaCl 
medium. 98 
v i i i 
F i g u r e 3 . 2 ( a ) L a n g m u i r p l o t s f o r t h e a d s o r p t i o n of 
2 / 6 - L u t i c i i n e (DMP) on a c t i v a t e d c a r b o n 
i n p u r e a q u e o u s mediiim. 10 2 
F i g u r e 3 .2 (b ) Langmui r p l o t s f o r t h e a d s o r p t i o n of 
2 , 6 - L u t i d i n e (DKP) on a c t i v a t e d c a r b o n 
i n 0 . 1 M NaCl medium. 10 2 
F i g u r e 3 . 3 ( a ) F r e u n d l i c h p l o t s f o r t h e a d s o r p t i o n of 
2, 5 - L u t i d i n e (DMP) on a c t i v a t e d c a r b o n 
i n p u r e a q u e o u s medium. 103 
F i g u r e 3 .3 (b) F r e u n d l i c h p l o t s f o r t h e a d s o r p t i o n of 
2 , 6 - L u t i d i n e (DM?) on a c t i v a t e d c a r b o n 
i n 0 . 1 K NaCl medium. 1°^ 
F i g u r e 3.4 Model f o r t h e a d s o r p t i o n of 2 , 6 - L u t i d i n e 
(DMP) on a c t i v a t e d c a r b o n . 
F i g u r e 3 .5 D e t e r m i n a t i o n of i s o s t e r i c e n t h a l p y of 
F i g u r e 3 .6 The p l o t s of t h e r m o d y n a m i c p a r a m e t e r s 
a t d i f f e r e n t t e m p e r a t u r e s . 
105 
a d s o r p t i o n a t t h e s u r f a c e c o v e r a g e of 
2 . 6 m mole g""*-. ^^° 
111 
Figure 4.1 Plots of the amount exchanged of Mn(II), 
Fe(III), Cu(II), Ni(II) and Hg(II) with 
H(I) versus time on antimony(V) arseno-
phosphate. ^28 
Figure 4.2 Plots of amount exchange of H(I) with 
Mn(II), Fe(II), Cu(II), Ni(Il) and 
Hg(ll) versus time on antimony(V) 
arsenophosphate. 128 
ix 
Figure 4,3 Exchange isotherms of the Mn(II)-H(I), 
Ni(ll)-H(l), Fe(III)-H(I) , Cu(lI)-H(I) 
and Hg(II)-H(I) exchanges on antimony(V) 
arsenophosphate at 30 and 50°C. ^29 
Figure 4.4 Exchange isotherms of the H (I)-iMn (II) , 
H(I)-Fe(lII) , H(I)-Ni(ll), H(I)-Cu(II) 
and H(I)-Hg(II) exchanges on antimony(V) 
arsenophosphate at 30 and 50 C. -'-•^^ 
CHAPTER - I 
GENERAL INTRODUCTION 
Environmental problems and their control have received 
a great deal of interest and publicity now-a-days. The scien-
tists have come to realize that this is very complex area. 
While many advances have been made in recent years, much is 
yet to be learned concerning pollution. Analytical Chemistry 
plays a very important role in both dealing and controlling 
environmental pollution. It can be thought as comprising of 
two branches, qualitative and quantitative. Qualitative 
analysis deals with finding what constituent or constituents 
are in analytical sample, and quantitative analysis deals 
with the determination of how mucn of a given substance is in 
the sample. With today's instrumentation and with a large 
variety of chemical measurements available, specificity or 
sufficient selectivity can often be achieved so that the 
quantitative measurement serves as a qualitative measurement. 
Adsorption and ion-exchange are the two important 
conceptions in analytical chemistry since the solid-
liquid interactions have always been of interest because 
of their diversity and immense applications. Interactions 
between the components of liquids or solutions and surfaces 
of the solids make, in a wide variety of ways, a momentous 
contribution to our everday life. Its importance in the 
petroleum, chemical and pharmaceutical industries is well 
established. However, recent activities in biotechnology. 
m e d i c i n e , b i o m e d i c a l , b i o c h e m i c a l , e n v i r o n m e n t a l and p o l y m e r 
e n g i n e e r i n g h a v e b r o a d e n e d t h e u s e f u l n e s s of p r o c e s s e s . 
S i m i l a r l y , i o n - e x c h a n g e i s one of t h e most v e r s a t i l e a n a l y -
t i c a l t e c h n i q u e i n s e p a r a t i o n s c i e n c e . V a r i o u s a p p l i c a t i o n s 
of i o n - e x c h a n g e p r o c e d u r e s a r e i n t h e f i e l d of h e t e r o g e n o u s 
c a t a l y s i s , r a d i o c h e m i c a l a n a l y s i s , s o l i d e l e c t r o l y t e s , 
i n o r g a n i c i o n - e x c h a n g e membranes, e n v i r o n m e n t a l s t u d i e s , 
i o n - s e l e c t i v e e l e c t r o d e s and i n t e r c a l a t i o n c o m p o u n d s . . I n 
t h e f o l l o w i n g s e c t i o n s an a t t e m p t has been made t o r e p o r t 
t h e d e v e l o p m e n t s made so f a r i n t h e t h e o r y and p r a c t i c e on 
t h e s e two a s p e c t s o f s t u d y . 
A. ADSORPTION 
A d s o r p t i o n i s a fundamenta l n a t u r a l p r o c e s s . S i n c e 
t h e m o l e c u l e s on t h e s u r f a c e have an e n v i r o n m e n t d i f f e r e n t 
from t h o s e i n t h e b u l k of m a t e r i a l , t h e s u r f a c e h a s a 
d i f f e r e n t f r e e e n e r g y from t h e b u l k of t h e m a t e r i a l (1) . 
When t h e m o l e c u l e s o f a g a s o r l i q u i d a r e c o n c e n t r a t e d on 
t h e s u r f a c e o f a s o l i d t h e m o l e c u l e s a r e s a i d t o b e a d s o r b e d 
on t h e s o l i d s u r f a c e . T h i s i s a s u r f a c e phenomenon and i s 
d i f f e r e n t from " A b s o r p t i o n " which i s t h e p e n e t r a t i o n of one 
component t h r o u g h t h e body of a n o t h e r . The m a t e r i a l t h a t 
i s a d s o r b e d on t o t h e s u r f a c e i s c a l l e d t h e ' a d s o r b a t e ' and 
t h e u n d e r l y i n g m a t e r i a l a s ' a d s o r b e n t ' o r ' s u b s t r a t e ' . 
Adsorption i s sometimes c l a s s i f i ed as phys ica l and 
chemical. The physical adsorption i s ca l led as "physisorption" 
and chemical adsorption as "chemisorption". In the former the 
molecules a re adsorbed on a sol id surface by e s s e n t i a l l y the 
physica l f o r c e s . In chemisorption, however, t he molecules 
form the chemical bond with the sol id sur face . In case of 
the phys ica l adsorption the van der Waal's i n t e r a c t i o n s (for 
ins tance , d ispers ion or polar in te rac t ions) play an important 
ro le between the adsoiijent and adsorbate molecules . They 
are the long but weak i n t e r a c t i o n s . The amount of the energy, 
when a molecule i s physisorbed, i s of the order of enthalpy 
of condensat ion. This energy can be absorbed as v ib ra t ions 
of the l a t t i c e and d iss ipa ted as hea t . A molecule bouncing 
across the surface wi l l lose i t s k ine t i c energy and s t i c k 
t o the surface resu l t ing in the r i s e of temperature of the 
system i . e . heat i s evolved. 
In chemisorption, the molecules s t i c k t o the surface 
as a r e s u l t of the formation of a chemical and usual ly a 
covalent bond and tend t o find the s i t e s r e s u l t i n g in an 
increase of t h e coordination nimiber with the adsorbent . The 
energy of attachment i s very much g rea te r than in phys i -
sorp t ion . In chemisorption the surface en te r s i n to reac t ions 
as a c a t a l y s t . This type of c a t a l y s i s , ca l led heterogenous 
ca t a ly s i s , i s understandable only on the b a s i s of some of 
the informations deduced in adsorption s t u d i e s . Similar 
conclusions, tha t a re drawn from the chemical r eac t ions on 
a surface, help to answer some of the problems unsolved by 
adsorption s t u d i e s . The photoelectron spectroscopy (ESCA) 
can be applied t o reveal some of the bonding p rope r t i e s of 
the adsorbed spec i e s . In surface s tudies t h i s i s normally 
referred as photoemission spectroscopy. V a r i t i e s of v ib ra t ion 
spectroscopy a lso reveal the nature of the adsorbed species , 
and in p a r t i c u l a r whether the d i s soc ia t ion has occurred. 
Infrared absorption spectra can be obtained by using 
infrared t r ansparen t ma te r i a l s and a technique t h a t 
involves the i n t e r n a l r e f l e c t i o n . 
Adsorption i s e s s e n t i a l l y a phenomenon of separat ing 
surface and the i n t e r f ^ c i a l tens ion ( 2 ) . I t i s general ly 
governed by the thermodynamic r e l a t i o n : 
A G = A H - T A s (1) 
A G , A H and A s are taken, r e spec t ive ly , as the free 
energy, heat and entropy changes in the p rocess . Since 
adsorption leads t o a decrease in the free energy, A G i s 
negat ive. The adsorbed molecules move from a t h r e e dimensional 
region t o a two-dimensional one, which causes a decrease in 
entropy, i . e . A s nega t ive . Thus, A H must also be negat ive, 
which i s usual ly t h e case . So, adsorption i s general ly 
exothermic. However, the condit ions in so lu te adsorption 
are more complicated. Gi les et a l . (3,4) have reported 
endothermic adsorpt ion in case of a solute forming large 
ionic-micel le ( e . g . d y e s ) . Josef et a l . (5) a lso found an 
increase in the i s o s t e r i c heat of adsorption with an 
increasing surface coverage in the adsorption of a l i p h a t i c 
amines on alumina. The "cithermic adsorption covers those 
cases which do not give measurable heat of adsorpt ion . I t 
i s general ly the case in ion exchange adsorption of 
so lu tes , which do not form large mice l l e s . By d e f i n i t i o n , 
the ion-exchange sorpt ion of ions i s accompanied by the 
re lease of equivalent quan t i ty of ions by the sorbent t o 
the external s o l u t i o n . This d i s t ingu i shes ion-exchange 
process from the major sorpt ive . mechanism i . e . phys isorp-
t ion and chemisorption . 
The reverse process ( i . e . desorption) measures t he 
res i s tance of t he systems t o change, and manifests i t s e l f 
as a binding force between the adsorbate and adsorbent . 
The binding forces involved may be of several types , such 
as van der Waal's, ion exchange, covalent bond formation and 
hydrogen bonding, depending on the nature of the subs t r a t e 
surface and the adsorba te . 
In the context of adsorption of po la r compounds, i t 
can be said t h a t the binding forces are so rba te - subs t ra te 
bonds. Adsorption of the organic ions may then be control led 
by vanderWaal ' s forces , e l e c t r i c a l i n t e r a c t i o n s l ike 
coulombic, dipole or hydrophobic i n t e r a c t i o n s , operat ing 
on the uncharged groups of t h e ions ( i . e . revers ib le) as 
well as by the e l e c t r i c a l forces , operat ing on t h e charged 
groups (chemical i n t e r a c t i o n , i r r e v e r s i b l e ) . When both 
the adsorbate ( e . g . amino acids) and the adsorbent ( e .g . 
hydrous oxides) bear a charge, a t t r a c t i v e forces can 
operate , and p o s s i b i l i t y of ion-exchange cannot be iruled 
out (6) . 
The surface s t r u c t u r e of a so l id i s cont ro l led to 
a large extent , by t h e underlying bulk s t r uc tu r e which, 
in turn , i s defined by chemical composition and c rys ta l 
s t r u c t u r e . The var ious surface groups on the common polar 
adsorbents may ion ize in the presence of water or s imi la r 
solvents leaving a net charge or so ca l led ze t a -po ten t i a l 
on the surface of t h e adsorbent . This surface charge has 
been claimed by many workers (7,8) t o have an important 
effect on the sorp t ive p r o p e r t i e s of an adsorbent, especia-
l l y where ion-exchange plays an important r o l e . 
Adsorption Isothermsi 
Most of the s tudies on adsorption from solut ion 
have been concerned with equil ibr ium condi t ions , and 
predominantly with the adsorption i so therms. An adsorption 
isotherm descr ibes the equil ibrium re l a t i onsh ip between 
the adsorbed and unadsorbed sample, a t a given temperature. 
I t i s a p lo t of the concentrat ion of "X" in t he adsorbed-
phase versus concentration of "X" in the unadsorbed phase. 
The i n t e r e s t in these isotherms l i e s in t he amount of 
information they can y ie ld , v i z . , i d e n t i f i c a t i o n of the 
adsorption mechanism, heat of adsorpt ion, spec i f i c surface 
area of the porous so l id , d iagnos is of t he o r i e n t a t i o n of 
the solute molecules at t he surface, and i t s degree of 
s e l f - a s s o c i a t i o n . 
The e a r l i e r at tempts C9) of c l a s s i f i c a t i o n of 
isotherms have served for q u i t e a long t ime . Four types 
of isotherms are i d e n t i f i e d on the b a s i s of t h e shape of 
the i n i t i a l par t of t h e isotherm. This c l a s s i f i c a t i o n of 
isotherms had been reported and t h e o r e t i c a l l y explained 
by Giles e t al.(7,10) on the b a s i s of so l i d - so lu t i on 
i n t e r f a c e . . Various shapes of t he isotherms considered are 
shown in Figure 1 .1 . and can be charac ter ized as follows: 
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F i g . 1 . 1 : CLASSIFICATION OF ISOTHERM SHAPES 
i) Langmuir or L-type isotherms, 
i i ) S-type isotherms, 
i l l ) High a f f i n i t y or H-type isotherms, and 
iv) Constant p a r t i t i o n or C-type isotherms. 
The L-type isotherms are most common. They are chara-
c±.erized by an i n i t i a l region which i s concave t o the 
concentration a x i s . They are obtained when t he r e i s no 
strong competition from the solvent for s i t e s on the surface. 
The curves re fe r t o those cases in which the most ac t ive 
s i t e s are i n i t i a l l y covered, but the ease with which adsorp-
t ion takes place decreases u n t i l a monolayer i s completed. 
For the S-type isotherms the i n i t i a l region i s convex 
to the concentrat ion axis which i s frequently followed by a 
point of i n f l ec t i on leading t o an S-shaped curve. These 
isotherms ind ica t e t h a t : 
i) The solvent i s s t rongly adsorbed, 
i i ) There i s strong intermolecular a t t r a c t i o n within 
the adsorbed layer , and 
i l l ) The adsorbate i s monofunctional. 
The second condition i s most l i ke ly obtained if the major 
axis of the adsorbed molecules i s perpendicular to the 
surface. By a monofunctional adsorbate we mean here t ha t 
10 
the molecule has a s ingle point of strong attachment in an 
aromatic system or an a l i p h a t i c system of more than five 
carbon atoms. Further, the adsorbate i s not m ice l l e r . In 
many cases, the S-curve ind ica tes a 'cooperat ive adsorpt ion ' 
with so lu te molecules tending t o be adsorbed, packed in 
rows or c l u s t e r s . 
The H-curve occurs when the re i s a high a f f i n i t y 
between the adsorbate and adsorbent, which i s shown even 
in very d i l u t e so lu t i ons . Thus, i t can r e su l t from the 
chemisorption or from the adsorption of polymers or ion ic 
mice l les , though other specia l cases are known. 
Final ly the C-type isotherm has an i n i t i a l l i nea r 
port ion which ind ica t e s a constant p a r t i t i o n of the solute 
between the solut ion and the adsorbent and occurs with the 
microporous adsorbents . 
The isotherms have a great u t i l i t y in diagnosing 
the mechanism of adsorption, and also in d i s t ingu i sh ing 
the probable configuration of t he adsorbed molecules (7 ) . 
Thus, S-curve indicates a v e r t i c a l o r i en t a t i on , L-curve 
shows the f l a t o r i en t a t ion and strong intermolecular 
i n t e r a c t i o n , while H-type isotherm i s assumed t o be typ ica l 
of sample micel le formation. However, such a generalifcation 
11 
needs great care, as many other factors also contribute to 
the isotherm's shape (11). 
The adsorbents which have been commonly studied 
earlier are fly ash (12-17), peat (18-23), fibrous kera-
tinous materials such as wool and hair (24-25), clays 
(27,28), alumina bauxite (29), woolastonite (30,31), 
discarded automobile tires (32), suspended particles of 
river water (33-35) and sludge (36-42) . Some other adsor-
bents have been proved quite useful viZ" alximina, silica, 
carbon and cellulose (43). In addition to these,some 
adsorption studies have also been reported on tin oxide, 
titanium oxide, thorium oxide and zirconium oxide (44). 
Out of them carbon is probably the most interesting 
one. It occurs in a variety of forms e.g. graphite charcoal, 
graphitised carbon black and bone charcoal etc. Activated 
carbon (AC), usually in the fonn of charcoal, is sometimes 
used for a chromatographic column. It has a great affinity 
for all types of solutes because its surface contains not 
only carbon in its graphite lattice, but also a variety of 
polar and ionic groups. It contains a carboxylic group 
and exchangeable hydrogen ions. So AC plays a role of a 
weak cation exchanger also. The simple adsorption behaviour 
of carbon was explored by Garten and Weiss (45) while the 
12 
adsorptioion exchange p rope r t i e s of pure graphi te were 
inves t iga ted by Galbrai th (46) , The AC f i l l e d with inorganic 
mater ia l s has also been used as an adsorbent in addit ion 
to the simple AC. 
Some Recent Studies on the Adsorption Proper t i e s of 
Activated Carbon; 
The numerous s tudies on the adsorption of d i f ferent 
types of organic and inorganic substances on ac t iva ted 
carbon are summarized below: 
Adsorption of hydrocarbons; 
Koval'skaya et a l . (47) have studied the adsorption 
of aromatic hyarocarbons on ac t iva ted carbon (AC) and 
measured the adsorption capacity on the dry and damp 
sorbents . They showed t h a t the capaci ty decreases with an 
increase in t he moisture content . The adsorption capacity 
for paraf f ins and cycloparaff ins on the steam-activated 
carbon at high temperature was studied using a micro-
chromatographic method by Selim et a l . (48) . P i rbazar i et a l , 
(49) have studied the s e l ec t ive removal of benzene from 
water with the help of the ac t iva ted carbon in presence of 
other organic substances such as hiimic acid, while Kim et a l . 
(50) have studied the removal of toluene from a i r using 
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powdered ac t iva ted carbon/water s lur ry r eac to r , A mini dynamic 
adsorption technique was developed by B i l e l l o et a l . (5i) 
for determining carbon adsorption c a p a c i t i e s . Kitagawa 
measured the breakthrough curves for hexane and benzene 
solut ions and ethane (52,53) . He found a l i n e a r re la t ionsh ip 
between the breakthrough time and bed volume (52) . In case 
of ethane, surface diffusion i s the predominant i n t r apa r -
t i c l e t ranspor t process at lower temperatures (53) . Andreev 
found a co r re l a t ion between the adsorption coef f ic ien t s of 
potassium s a l t s of n i t roa lkanes and t h e i r degrees of hydra-
t ion and p o l a r i z a b i l i t i e s . Adsorption increases in order of 
KCH NO <KCH(NO ) <C KC(NO ) which p a r a l l e l s the order of 
decreasing free energy of hydration (54). 
The thermodynamic behaviour of var ious hydrocarbons 
and some other organic compounds for the adsorption on AC 
and graf pack graphi t i sed carbon (GGC) has been studied by 
Ikuo et a l . (55) and Sukhorukov (56) r e spec t ive ly . Ikuo 
proposed the mechanism of adsorption in terms of free 
energy changes according t o which the adsorption occurs 
v ia p r e c i p i t a t i o n inside the pores of adsorbent. On the 
other hand Sukhorukov calcula ted the heat of adsorption 
and Henry's constant from gas chromatographic re tent ion 
da ta . He reported high s e l e c t i v i t y of GGC for the alkane 
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and aromatic nycrocarbons. Jaroniec et a l . measured the 
equilibrium adsorption isotherms of ethane and benzene on 
two di f ferent types of AGs by the dynajmic and s t a t i c methods 
and discussed the energe t ics of heterogeneity of adsorbents 
(57) . Gas-solid chromatographic technique was used by 
Garcia et a l . t o study the high temperature adsorption of 
hydrocarbons on AC obtained from a g r i c u l t u r a l byproducts 
(58) . 
Micro ca lor imet r ic technique was used t o character ize 
two types of AGs through aromatic hydrocarbon adsorption 
isotherms and densi tometr ic measurement by Kreiver et a l . 
(59) . Du et a l . conducted NMR study t o examine the mechanism 
of adsorption of hydrocarbons on several types of AGs 
(60,51) . They reported a cap i l l a ry condensation mechanism 
of adsorption in the micropore with a diameter <C30 A and 
mono/multilayer adsorption on the sol id surface of pores 
with a diameter>30 A. They fur ther explained tha t the 
exchange of protons on the surface ac id ic groups with the 
adsorbed species , makes an important contr ibut ion t o the 
re laxat ion p rocess . 
Madey (52) examined the time dependence transmission 
of hydrocarbons at low concentrat ions through act ived carbon 
and polystyrene adsorbed bed both t h e o r e t i c a l l y and 
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experimentally. He formulated the theory of adsorption of 
radioactive gases and its mixture with hydrocarbons on 
heterogenous microporous solid. The adsorption from solu-
tions was also examined. On the other hand, Leggetler et al. 
(63) used the molecular dynamics .simulation technique to 
compute the various functions of the adsorbed hydrocarbon 
molecules on a strxictured graphitic surface. They reported 
in and out of plane velocity,auto correlation function, 
surface diffusion coefficient, angular velocity, reorienta-
tion correlation function and time correlation function 
associated with the conformation at dynamics of their 
flexible molecules. 
Adsorption of alcoholsi 
The use of AC for the adsorption of aliphatic and 
aromatic alcohols has been studied by many researchers. 
Rozwadowski determined the sorption and desorption mechanisms 
with the help of thermodynamic and kinetic measurements 
(64,65). Adsorption isotherms of alcohols have been reported 
on activated, granular and fibrous carbons (66-68). A 
modified Langmuir equation is given to describe the adsorp-
tion of dissolved solids by AC where the theory and the 
experimental results show a good agreement (69). Gorchakova 
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et a l . (68) proposed the effect of temperature on the mole-
cular rearrangement of adsorbed alcohols on BAU carbon. 
The breakthrough curve and i t s dependence on bed length has 
also been repor ted . Osipov et a l . (70) demonstrated the 
use of d i f fe ren t AGs for the removal of a lcohols from 
indus t r i a l wastewater. Zabasajia et a l . (71) reported the 
e lec t rosorp t ion of n-alcohols on graphi te p a r t i c l e s and 
developed an experimental method t o estimate the isotherm 
parameters . They demonstrated with the help of t heo re t i c a l 
t reatment , t ha t the extent of adsorption increases with the 
increase in double layer capacitance of in te r face and size 
of organic spec ies . 
Adsorption of Phenols; 
Adsorption of phenols from d i l u t e aqueous solut ions 
on porous and nonporous carbon and ac t iva ted carbon have 
been reported in l i t e r a t u r e . Mahajan et a l . (72) studied 
the effect of temperature on the nature of carbon surface 
and the adsorption of phenols . Yasushi et a l . (73) studied 
the effect of concentration on the adsorption behaviour of 
phenols and found a typ ica l breakthrough curve. The thermo-
ana ly t i ca l s tud ies on AC for adsorption and desorption of 
phenols was conducted by Vincenzo et a l . (74) . Grant examined 
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the effect of physicochemical p roper t i e s of adsorbents on 
the i r r e v e r s i b l e adsorption behaviour of these phenolic 
compounds (75,76) . The effect of microporosity of adsorbents 
was studied for subs t i tu ted phenols by Caturla et a l . (77). 
Massaki measured the adsorption r a t e s of p-ni t rophenol , 
benzophenol and p-chlorophenol from d i l u t e solut ion (78) 
whereas Sheindrof did the same for p-bromophenol and other 
phenols during wastewater treatment by AC, where Freundlich 
adsorption isotherms are appl icable (79). Use of AGs and 
t h e i r e f f ic iency in the removal of pnenols from wastewater 
was also reported by Lu et a l . (80) and Paprowiez (81). 
Russel et a l . (82) conducted the equilibrium studies for 
d i f ferent phenols and found a fas t attainment of e q u i l i -
brium with powdered AC as compared t o the granular one. 
Le Cloirec et a l . (83) conducted the sol id s t a t e H NMR 
studies on phenol saturated and unsaturated samples of 
four ACS t o know the quan t i f i ca t ion in exchange behaviour 
of por t ions of the adsorbents . They a lso reported the 
maximum adsorption capacity of AC as 100 mg/g for phenol. 
Adsorption of organic ac ids ; 
Chubarova et a l . (84) studied the sorption capacity 
of AC for ad ip ic acid from aqueous solut ion under cycl ic 
operation condi t ions . Jain e t a l . (85) reported the 
adsorption of fumaric and maleic acids on sugar charcoal 
t o be a discontinuous p rocess . The fate of fulvic acid 
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during the water treatment was studied by Breeman et a l . 
(86), while i t s i d e n t i f i c a t i o n by adsorption on AC was 
studied by Stanislaw et a l . (87) . The r e l a t ive r a t e s of 
adsorption of a c r y l i c and pro tonic acids were studied by 
Khan et a l . (88).The adsorption e q u i l i b r i a of some organic 
acids and bases from aqueous solut ion on AC was studied by 
Onal et a l . (89) , They t e s t e d the v a l i d i t y of t raube rule 
for the process which s t a t e s tha t the adsorption of 
organic substances increases regular ly through a homologous 
s e r i e s . 
Adsorption of Dyesi 
Now-a-days dyes are a lso being removed from dying 
e f f luents by adsorption on AC from coa l . The temperature, 
the nature of the dye and AC and the presence of some 
e l e c t r o l y t e have marked effect on t h e i r adsorption behaviour. 
Increase in temperature and the addit ion of NaCl increases 
the adsorption ra te and lengthens the breakthrough time of 
the dyes (90) . Kuwabara reported the adsorption super ior i ty 
of carbon mineral adsorbents over common AC in the removal 
of d i r ec t blue, congo red and indigo ceramine dyes from 
wastewater (91) . Similar ly, Mamchenko et a l . 192) have 
reported the adsorption behaviour of associa ted dye s tuffs 
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towards nonuniform porous carbon adsorbents . Gorden proposed 
a three step adsorption model for the adsorption of dyes on 
AC (93-95) . The various k i n e t i c s tudies were also conducted 
on the adsorption of d i f fe ren t dyes namely, v i c t o r i a blue, 
d isperse blue-7 e t c . (96,97) . 
Adsorption of Pest ic ides and Pollutants; 
Various adsorption s tudies of po l l u t an t s and pes t i c ides 
have e a r l i e r been car r ied out on AC. Yoshitaka et a l . (98) 
studied the e f fec t ive surface d i f f u s i t i v i t e s of aqueous 
solut ions of chlorinated organics in water on AC using 
di f ferent concent ra t ions . I l 'Yasov et a l . (99) proposed the 
mechanism of adsorptions using an isothermic model of 
adsorpt ion. Radeka et a l . (100) reported the comparative 
adsorption behaviour of dichloromethane from gaseous and 
aqueous phases . They have observed tha t the adsorption 
capacity from aqueous solut ion was smaller than from the 
gaseous phase due t o the competitive water adsorpt ion. 
The fate of adsorption of chloropicr in and the displacement 
of preadsorbed water frc»n BPL carbon was given by Hall 
et a l . (101). The adsorption of p - n i t r o a n i l i n e from aqueous 
solut ions by a th ick layer of ac t ive carbon of varying 
porous s t ruc tu re and i t s mechanism was reported by Mamchenko 
et a l . (102) . 
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Lagana et a l . (103) studied the behaviour of f i f ty 
one compounds on graphi t i sed carbon. They determined the 
sorption capac i t i e s and the extent of recoveries for the 
chlor inated p e s t i c i d e s . The i r r e v e r s i b l e adsoiption of 
lower a l i p h a t i c amines on pure AC surface was studied by 
Roman et a l . (104). The effect of pH on adsorption of 
dissolved organic acids , bases , anionic and ca t ion ic 
surface ac t ive agents, nonionic organic compounds and 
polymers from i n d u s t r i a l e f f luen t s were studied by Wang 
and Martin (105,106). The pH effect becomes more s i g n i f i -
cant as the ac id i ty and b a s i c i t y of the adsorbate in 
solution increases (106). 
The adsorption of a l fa toxin B , the lung and gas t ro -
i n t e s t i n a l tox ican t was studied by Walter et a l . (107) 
and e f fec t ive conditions were determined. Kaplj.n observed 
(108) t h a t AC i s capable of adsorbing s taphtococial toxin 
at a ra te of 7.7 unit t ox in /g of carbon. The adsorbing 
capacity of AC increased ^3 fold when the carbon i s coated 
with an t i s t aph tococ ia l T-globutin f ract ion or human hyper 
immune plasma. Luahmikov studied (109) the bare plasma 
coated AC for the adsorption s tud ies of b a r b i t a l and ba rb i -
t u r a t e s and made a comparison of the two adsorbents . 
Mckay et a l . studied the adsorption of PhOH, p-chlorophenol, 
sodium dodecyl su l fa te and Hg from wastewater on AC (110,111) 
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Whitaker et al, (112) has used the isothermal and 
continuous flow column systems for the adsorption studies 
of selected pesticides by AC. While Farran et al. (113) 
conducted the similar studies on F-400 AC using a flow 
injection liPLC system. . Lovett and Peltorak (114) 
reviewed the use of AC for the control of odourous air 
pollutants. The AC impregnated with quinilidine has been 
used for removing the alkylhalides contaminants from gas 
stream by Julius et al. (115) . The use of AC for the 
treatment of municipal, industrial, and waste waters have 
been reviewed in detail with a large number of references 
in literature (116-118). Janina et al. have removed the 
ben2o(a) pyrene from water by using granular AC. They 
have observed the Freundlich adsorption isotherm under 
static conditions (119). Numerous predictive models 
(102, 120-126) have been developed to explain the surface 
and bulk adsorption of organics and inorganics on AC. 
The behaviour of adsorbates and adsorbents, the sites of 
adsorption, single and multicomponent adsorption and 
desorption systems were studied and their mechanisms 
proposed and tested accordingly (127-138), 
Many research papers, purely theoretical in nature, 
have appeared describing the kinetics and thermodynamic 
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behaviour of diffejcent adsorbates on AC (139-147). Seigfried 
(143) has reviewed in a synopsis of 35 pages, the method 
of calculation of breakthrough curves for the adsorption 
kinetics of organic pollutants in air on AC. The Polanyi 
potential adsorption theory and its application to adsorp-
tion from water solution on AC has been reviewed by Milton 
Manes (148-149). A significant use of this theory and that 
of the solvophobic theory have recently been reported by 
Altshuler et al. and Arbuckle (150,151). 
Adsorption of inorganics on AC; 
Different types of stvidies have been conducted t o 
determine the adsorbabi l i ty of inorganics on AC surface. 
The potent iometr ic s tudies on AC and carbon black immersed 
in aqueous solut ion of e l e c t r o l y t e s were conducrted by 
Helena et a l . (152). The samples studied were subjected t o 
various modified t rea tments : demineral izat ion, oxidation 
in l iqu id and gaseous phases, sa tu ra t ion with hydrogen and 
degassing e t c . The contact t ime, the amount of anions in 
the solut ion and change in pH have a marked effect on the 
po t en t i a l of carbon. The adsorption of strontium on AC 
ind ica te s tha t i t increases with equil ibrium time and at 
pH 1.5-3 (153). Gerard (154) maae the magnetic su scep t ib i l i t y 
measurements on the sorbate-sorbent system t o detect 
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sorption mechanism. Vilinskaya (155) proposed a q u a l i t a t i v e 
model of e l e c t r o l y t e adsorption in porous m a t e r i a l s . Attempts 
have a lso been made t o p red ic t the microporosity and adsorp-
t ion c h a r a c t e r i s t i c s of AC, which are reviewed by Katsumi 
and Dubinin (156,157). Tsunoda measured the pore width of 
various AGs by adsorption of water vapours (158). 
Kraus et a l . (159) performed the adsorption exper i -
ments of ac ids from concentrated e l e c t r o l y t e s by AC. The 
s tudies included the removal of HNO from LiNO solut ions , 
HCl from NaCl and LiCl so lu t ions , and HCIO from NaClO^ 
so lu t i ons . The HO in the carbon pores was re la ted t o a 
6+ 
H 0-organic solut ion model. Huang (160) removed Cr from 
e l ec t rop la t i ng and metal f inishing wastewaters ef fect ively 
with the help of AC. He also reviewed the chemical i n t e r a -
c t ions between inorganics and AC (161). A comparative 
study of adsorption of Cd(II) and Pb(II) from wastewater 
by a common AC and AC derived from coconut s h e l l , was 
conducted by Asulanantham et a l . (162). They reported the 
super io r i ty of the l a t e r in the wastewater t rea tment . 
Ryszard and Witold 1163) used AC as anode for electrode 
pos i t ion of Ni, Cu, and Zn. 
The sorption of c i " , Br" and l " from aqueous 
methanol solut ions on AC pre t r ea t ed with HF and NaCl was 
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reported by Jankowska et al. (164). YankovsKa et al. (165) 
explained the aasorption of these ions through the ion-
exchange mechanism with the formation of charge transfer 
surface complexes with acceptor characteristics of the 
carbon surface. The adsorption isotherms of I„ solution in 
different pure organic and organic solvent mixtures were 
reported by Swiatkowski and coworkers (166). The charac-
teristics and mechanism of iodine sorption from aqueous, 
H 0-organic and organic media were studied and discussed 
in terms of charage transfer complex with carbon as well as 
with the solvents (l67). 
The AC has also been utilized in the purification 
of air from inorganic gases and vapours. The vapours of 
ammonia and acids were removed as air impurities by 
Krokov (168). The adsorption and desorption isotherms of 
US in micropores of AC show a hysteresis phenomenon(i69). 
The adsorption isotherms of N0_, CS and H S were determined 
by Hoppe et al. (170) on AC. The surface characteristics 
and their role in adsorption and desorption of SO was 
examined by Davini (171). Andriew et al. (172).determined 
the rate parameters for adsorption of C0_ in beds of carbon 
particles by the pulse response method. Shibata et al. (173) 
reviewed the applications of AC to radiochemical analysis 
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and adsorption behaviour of various elements in acidic 
and aqueous media. 
Activated carbon filled with inorganic materials: 
Inorganic materials have long been utilized in the 
removal of impurities from water and waste waters, where 
the surface and/or bulk adsorption takes place. The ion-
exchange mechanism has been found to play a significant 
role in these processes. 
Kraus et al. in 1974 reported (174) that AC can be 
used as a carrier for inorganic adsorbents which by them-
selves are difficult to prepare in the forms suitable for 
column operations. The 'filled AC* combines the hydraulic 
properties of the granular AC with the specific adsorptive 
properties of the 'filler'. 
Activated carbons as carriers for finely divided 
inorganic adsorbents seem attractive. They are low cost 
materials and widely available in a variety of mesh sizes. 
They are highly porous and can hold large amounts of 
filler. Kraus et al. made a greater contribution in this 
direction and prepared for the first time iron oxide 
(hydrous Fe203 and Fe30^) filled AC. With Fe30^ the 
object was to prepare an activated carbon which would 
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e x h i b i t m a g n e t i c p r o p e r t i e s w i t h o u t impa i rmen t of ' c o n v e n -
t i o n a l ' a d s o r p t i o n . With FeJD^ t h e y showed t h a t a d s o r p t i v e 
c a p a c i t y f o r s tront ixom was g r e a t l y i n c r e a s e d r e f l e c t i n g 
t h e p r o p e r t y of t h e u s e of h y d r o u s o x i d e . They a l s o 
p r e p a r e d (175) t h e AGs f i l l e d w i t h ZnS and CdS and r e p o r t e d 
t h a t 2nS-AC was an e x c e l l e n t a d s o r b e n t f o r Ag. I t was 
p r o p o s e d t h a t t h r e e d i f f e r e n t t y p e s of d i f f u s i o n r e a c t i o n s 
c o n t r o l such an a d s o r p t i o n , Kraus e t a l . (176) e x t e n d e d 
t h e i r s t u d i e s w i t h t h e p r e p a r a t i o n of Sn02 f i l l e d AC. 
T h i s m a t e r i a l was found t o have an u n u s u a l l y h i g h s e l e c -
t i v i t y f o r l i t h i i om p e r m i t t i n g i t s s e p a r a t i o n from t h e o t h e r 
a l k a l i m e t a l s . They have a l s o p r e p a r e d (177) A g C l - f i l l e d 
AC, wh ich was s e l e c t i v e f o r I . 
Ohash i e t a l . p r e p a r e d Mo(VI) and F e ( I I I ) - f i l l e d 
ACS and c o n d u c t e d t h e s t u d i e s (178) f o r t h e a d s o r p t i o n of 
o r t h o p h o s p h a t e s on t h e s e m a t e r i a l s , 
B . ION-EXCHANGE 
Ion-exchange basically involves the combination of 
mass action equilibria. Ion exchanger is an insoluble 
material which consists of a charge matrix and exchangeable 
ions. The exchangeable ions which have the charge opposite 
to the matrix are called "counter ions" and those which 
have the same charge as the matrix are called "colons". 
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If an ion exchanger, containing exchangeable 'A' 
ions, i s brougnt in contact with a solut ion containing 
'B' ions then the exchange process may be represented by 
the equation: 
A + B ^ = ± B + A 
Where barred symbols denote the ion exchanger 
phase. Since it is a reversible process an equilibrium 
is conventionally set in which some of the ions initially 
present in the exchanger phase have been replaced by the 
ions from the solution phase. Ion exchangers are, thus, 
the insoluble materials carrying the exchangeable cations 
or anions that can be exchanged for a stoichiometrically 
equivalent amount of other ions of the same sign which 
come in contact with an electrolyte solution. The ion 
exchangers are classified on the basis of the charge of 
the counter ions. Carriers of exchangeable cations are 
called as "cation exchangers" and those of exchangeable 
anions "anion exchangers". The materials capable of botn 
cation and anion exchange are called as "amphoteric ion 
exchangers". 
Ion-exchange is one of the most versatile of all 
separation methods. It can be applied to microanalysis 
as well as to macroanalysis. Perhaps its most spectacular 
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achievement was t h e s e p a r a t i o n of r a r e e a r t n s in h i t h e r t o 
unknown impur i ty (179-185) . Ion-exchange chromatography 
has p layed an impor tant r o l e in t h e i s o l a t i o n and i d e n t i -
f i c a t i o n of t h e new t r ansu ran ium e lements (186-191) and 
has even been used f o r enrichment of i s o t o p e s (192-197) . 
Organic subs t ances such as amino a c i d s (198-206) , p e p t i d e s 
(201 ,207 ,208) , p r o t e i n s (201 ,209) , n u c l e i c a c i d s ^210), 
a l c o h o l s (201 ,211 ,213) , g l y c o l s (211 ,213 ,214) , carbonyl 
compounds (201 ,211 ,215 ,216) , c a rbohydra t e s and d e r i v a t i v e s 
(201 ,217-221) , e t h e r s (216, 222), amines (201,222-224) , 
hydrocarbons (216,225) and phenols (216,226) have been 
s e p a r a t e d in ion-excftange coliomns. All t n e s e s e p a r a t i o n s 
were achieved on o rgan i c r e s i n s . The s e l e c t i v i t y was 
ob t a ined by vary ing pH a n d / o r by t h e use of complexing 
a g e n t s . As f a r a s t h e p r a c t i c a l a p p l i c a t i o n s are concerned, 
o rgan i c r e s i n s a r e so f a r t h e most impor tant ion exchan-
g e r s . The more r ecen t a n a l y t i c a l a p p l i c a t i o n s of ion — 
exchange r e s i n s i n c l u d e t h e c o l l e c t i o n of se lenium(iv) 
(227) , ppb l e v e l of aluminium (228) p r e c o n c e n t r a t i o n of 
coba l t (229) , t r a c e d e t e r m i n a t i o n of t r ime thy l se l enon ium 
in u r i n e (230) , molybdenum (231) and i r on (232) , p r e -
p a r a t i v e f r a c t i o n a t i o n of pe t ro leum heavy ends (233) , 
de t e rmina t i on of p t and Pd (234) , a n a l y s i s of metamict 
m i n e r a l s c o n t a i n i n g U, T i , Nb and r a r e e a r t h s (235) and 
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the determination of low level of Br" in fresh water (236). 
Ion-exchange has also been used with success in food 
i n d u s t r i e s (237) and for determining the polar organic in 
shel l process waters (238), The main disadvantage of 
organic ion exchangers i s t h a t they are unstable at high 
temperatures and in the presence of ionizing r a d i a t i o n s . 
They show signs of degradation with increase in temperature, 
Changes in t h e i r capacity and s e l e c t i v i t y occur on exposure 
t o r a d i a t i o n s . The inorganic ion exchangers do not suffer 
from these l i m i t a t i o n s . 
Hence the re has been an increasing a c t i v i t y in the 
f ie ld of synthe t ic inorganic ion exchangers during the 
l a s t for ty years . These mate r ia l s can be used for high 
temperature separat ions of i on i c components in radio 
ac t ive wastes . Inorganic ion exchangers a lso find app l i -
cat ions in the ana lys is of a l loys (239,240) and rocks 
(240/241), separat ion of metals from drugs (24 2,243), and 
in the de tec t ion of iron and molybdenum (244,245). 
According t o t h e i r chemical nature and s t ruc ture 
synthe t ic inorganic ion exchangers may be c l a s s i f i ed 
mainly in to six groups: 
i) Insoluble acid s a l t s of polyvalent meta ls , 
i i ) Hydrous oxides of polyvalent me ta l s . 
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iii) Salts of heteropolyacids 
iv) Insoluble metal ferrocyanides 
v) Synthetic aluminosilicates. 
vi) Miscellaneous inorganic ion exchangers, e.g. 
niercarbide salts and potassium polypnospnates. 
Insoluble poly basic salts of multivalent metals 
have shown a great promise in preparative reproducibility, 
ion exchange benaviour and both chemical and thermal 
stability. Many metals have been used for preparing 
materials such as aluminium, antimony, bismuth, cerium 
chromium, cobalt, iron, lead, magnesium, niobium, tin, 
tantalum, titanium, thorium, tungsten, uranium and 
zirconium. Also, a great number of anionic species have 
been used to form precipitates such as pnosphate, 
tungstate, molybdate, arsenate, antimonate, silicate, 
tellurate, tellurite, ferrocyanide, vanadate, arseno-
pnosphate, arsenotungstate, arsenomolybdate, arseno-
silicate, arsenovanadate, phospbotungstate, pnospho-
molybdate, phospnosilicate, phospnovanadate, molybdo-
silicate and vanadosilicate. The work on these materials 
has Deen nicely summarized at different stages of its 
development by Clearfield (246), Amphlet (247) and Qureshi 
and Varshney (248). 
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Surface c h a r a c t e r i z a t i o n and a n a l y t i c a l a p p l i c a t i o n s 
a r e t h e two a s p e c t s i n t h e study of i n o r g a n i c ion exchangers. 
Surface c h a r a c t e r i z a t i o n can be done in two ways: 
a) By chemical methods and 
b) By p h y s i c a l methods 
The former methods i nc lude t h e composi t ion , chemical 
and thermal s t a b i l i t y and ion-exchange p r o p e r t i e s . A study 
of ion exchange p r o p e r t i e s t a k e s i n t o account t h e v a r i o u s 
c h a r a c t e r i s t i c s of t h e m a t e r i a l such as c o n c e n t r a t i o n and 
e l u t i o n benav iour , ion-exchange c a p a c i t y , p H - t i t r a t i o n and 
d i s t r i b u t i o n c h a r a c t e r i s t i c s . P h y s i c a l methods of cha rac -
t e r i z a t i o n a r e X-ray d i f f r a c t i o n , TGA/UTA and IR. They 
i n d i c a t e t h e p re sence of c e r t a i n ionogenic groups in t h e 
m a t e r i a l , in a d d i t i o n t o i t s c r y s t a l l i n e n a t u r e . For 
amorphous i n o r g a n i c ion exchanger s , however, a g r e a t 
emphasis i s given on t h e ion-exchange p r o p e r t : i e s , followed 
by t h e p h y s i c a l c h a r a c t e r i z a t i o n based on TGi\/DTA and IR. 
A study of t h e a n a l y t i c a l a p p l i c a t i o n s i s impor tan t t o 
exp lo re t h e p o t e n t i a l use of t h e s e m a t e r i a l s . . 
As d i s c u s s e d e a r l i e r , i n o r g a n i c ion exchangers have 
v a r i o u s a p p l i c a t i o n s i n a n a l y t i c a l chemis t ry owing t o 
t h e i r r e s i s t a n c e t o heat and r a d i a t i o n s . In a d d i t i o n t o 
t h e ion-exchange p rocedures in which a hign chemical and 
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thermal s t a b i l i t y or a high s e l e c t i v i t y for a p a r t i c u l a r 
ions are required, new app l i ca t ions are in the areas of 
heterogenous c a t a l y s i s , sol id e l e c t r o l y t e s , inorganic 
ion-exchange membranes, i on - se l ec t i ve e lec t rodes and 
i n t e r ca l a t i on compounds. In most of these f i e l d s , 
informations on ion exchange k i n e t i c s and mobil i ty of 
counter ions in the l a t t i c e s t ruc tu re are needed. 
Similarly, ion exchange e q u i l i b r i a are of great p r ac t i ca l 
and t h e o r e t i c a l importance. The t h e o r e t i c a l aspects of 
these two fundamental approaches have been discussed very 
well by Dyer (249) on zeo l i t e models whicn appropriately 
reproduces the r e s u l t s on synthe t ic inorganic ion exchangers. 
The theory of ion-exchange k ine t i c s i s not as far 
advanced as tha t of ion-exchange e q u i l i b r i a . Tne more 
recent q u a n t i t a t i v e approach t o the ion-exchange e q u i l i -
b r i a include e f fec t s such as swelling pressure and 
spec i f ic i n t e r a c t i o n s . The theory of ion-exchange k ine t i c s , 
on the other hand/ is s t i l l in the stage of f i r s t approxi-
mation. Kinet ic s tudies answers some of the more i n t e r e s -
t i ng ques t ions , namely: 
i) What i s tne mechanism of ion-exchange ? 
i i ) What i s the r a t e - determining step ? 
i i i ) What r a t e laws are obeyed ? 
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Though many studies on the kinetics of ion-exchange 
on organic resins have been reported^ relatively less 
informations exist on the Kinetics of exchange on inorganic 
ion exchangers mainly because of their late developments. 
Probably, Nachod and Wood ^250) have made the first serious 
attempt on the Kinetic studies of ion-exchange. They 
studied the reaction rate with which the exchangeable 
ions are released frcrn the exchanger. Boyd et al. (251) 
studied later on the kinetics of metal ions upon the resin 
beads and gave a clear picture of the particle and film 
diffusion phenomena governing the ion-exchange process. 
The former is valid at high concentrations while the 
latter at low concentrations. The kinetics of metal ions 
on sulphonated polystyrene was studied by Reichenberg (252) 
who also confirmed the above view. According to Nancollas 
(253) who studied the kinetics of Na(I)-H(I) exchange on 
crystalline zirconium phosphate, the rate of exchange is 
initially fast and then becomes slow, Fuga and Kikindi 
(254) studied the kinetics of ion-exchange of alkali 
metals on zirconixjm antimonate in hydrogen form at 25°C 
and found that the rate of reaction increases with the 
atomic number of the cation. Albert! et al. (255) observed 
that the rate of exchange decreases from Ba(II) to Sr(ll) 
and that it is low pei-ticularly for Mg(II) ion on 
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zirconium(IV) phosphate. Costantino (256) studied the 
self diffusion of Na(I) and K(I) on microcrysta ls of 
Zr(NaPO^)^.aH^O and Zr(KPO^)^.3H 0 and modified the 
P ick ' s equation t o take into account the nonuniformity of 
the p a r t i c l e s i z e . The equation obtained has been employed 
in a study of the se l f -d i f fus ion ra te of Na{I) and K(I) 
in the above exchanger and the mobil i ty data have been 
compared with the conductivi ty data ava i lab le for the 
same ionic forms. 
However, most of the s tud ies (257-269), reported 
in l i t e r a t u r e , are based on the Bt c r i t e r i o n (251) which 
i s of l imi ted use because of the d i f ferent mobi l i t i e s 
(270) of the competing i o n s . This c r i t e r i o n i s useful 
for ions having s imilar e f fec t ive diffusion coeff ic ients 
i . e . for an i so top ic exchange process . In a t rue ion 
exchange phenomenon the fluxes of at l e a s t tv^o d i f ferent 
ionic species are coupled with one another . Thus, a 
s ingle diffusion coeff ic ient cannot describe the actual 
p rocess . In such a case the non- l inear Nemst-Planck 
equations (271,272) should be appl icable for a p a r t i c l e 
diffusion control led ion-exchange with some addi t ional 
assumptions. For p r a c t i c a l purposes,an e x p l i c i t expression 
was given by Helfferich et a l . (273>-274) which approxi-
mates the numerical r e s u l t s . Varshney et a l . (275-285) 
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and Bot>man et al. (286) have conducted some studies based 
on this new criterion. 
In all the calculations involving ion-exchange 
kinetics using the Nerst-Planck equations, evaluation of 
dimensionless time parameter (T) is a prerequisite. A 
graphical method is generally used for this purpose, 
which is tedious and gives only approximate T values 
resulting in the less accurate ikinetic parameters. In 
view of this, exhaustive studies were made in these 
laboratories (287) in this direction. As a resultTvalues 
were computed for the different mobility values of bivalent 
cations. These studies have now greatly simplified the 
most tedious procedure ol finding the T values and are 
the landmark in this direction. 
Thermodynamic studies are important to understand 
the behaviour of an ion exchanger and form the basis of 
an ion-exchange process. Thermodynamic predictions are 
easy on an inorganic ion exchanger because of its rigid 
matrix, accompanied with a negligible swelling. When an 
ion exchanger having a counter ion 'A' is placed in a solution 
of counter ion 'B', an equilibrium will eventually be set 
up between the exchanger and solution phases. This exchange 
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a t e q u i l i b r i u m may be r e p r e s e n t e d a s : 
X + B(aq) . 5 + A(aq) 
Here the effect of colons may be considered negli-
gible for the sake of simplicity,.The thermodynamic equili-
brium constant for the reaction may be written as: 
a -
^A ^ B 
An ion exchange equilibrium may be described by 
two different theoretical approaches. One is based on mass 
action law while the other is based on the Donnan theory. 
Donnan theory has an advantage of permitting a more elegant 
interpretation of the thermodynamic behaviour in an ion 
exchanger. However, mass action approach is straight 
forward and it gives a semiquantitative picture. Probably, 
the first quantitative information of ion-exchange equi-
libria was made by Gans (288) using the mass action law 
in its simplest form. A general treatment was given by 
Gaines and Thomas (289) . 
Free energy changes in the ion-exchange process 
can be calculated with the help of thermodynamic equili-
brium constant. The free energy change of the system is 
important to know, by which one can estimate the preferential 
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uptake of the counter ions by the exchanger. The ionic 
selectivity is governed by the lowering of the free 
energy change of the ion exchange systerr. and can be 
evaluated by knowing the K values at different tempera-
tures. 
Most of the thermodynamic studies have been done 
on alkali and alkaline earth metals. The ion exchange 
equilibria of alkali metal ions have been studied by 
Larsen and Vessers (290), and by Gal and Ruvarac (291) 
on zirconium phosphate of various composition and proper-
ties. Recently, extensive studies on ion exchange thermo-
dynamics of alkali metal ions have been made with a more 
defined semi-crystalline and crystalline zirconium 
phosphate (292-302) . Baestle (303) studied the exchange 
_ ^  2+ ^ 2+ ^ 3+ ^ „ 3+ . .^ v, !„ -
of Ca , Sr , Ce and Eu xons with hyarogen ions 
both at micro and macro concentration levels over a range 
of temperatures (5-70 C) on zirconium phosphate. The ion-
exchange equilibrium studies Ca - H"*" (304) and UO^ "*"- H'^  
(305) have been made by Ruvarac on crystalline zirconium 
phosphate. The thermodynamic exchange on zeolite has 
been made to a greater extent. Barrer (306,307), 
Sherry (308,309) and Dyer (310) studied the effect of 
temperature with different zeolites in various cationic 
forms. 
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Similar studies have also been made on inorganic 
anion exchangers. The reversibility of Br" - N0~ exchange 
on hydrous zirconia was demonstrated by Kraus (311). 
Thermodynamics of Cl" - NO^* Cl~ - SCN" and SCN' - Cl~ 
exchange on hydrous zirconium oxide was studied by Nancollas 
ana Paterson(3i2). 
Some of the equilibrium studies already made on 
different ion exchangers with various systems and their 
parameters are given in Table 1.1. 
It is clear from the above survey that very few 
systematic studies have been reported on the adsorption 
behaviour of activated carbon for organic pollutants. 
Organic pollutants, containing a tertiary nitrogen, 
are the worst offenders to the environmental peace and 
ecological balance, as they are central nervous system 
(CNS) depressants and skin irritants. They cause respira-
tory tract and gastrointestinal disturbances, damage 
kidneys and liver and are suspected carcinogens. Organics 
containing a tertiary nitrogen group, add up to the 
environment as a result of degredation of prcteineous 
materials, industrial wastes and chemicals used in agri-
cultural practices and are causing land, water and air 
pollution. In view of this the present work has been 
undertaken for a systematic, study of these compounds. 
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This study describes the adsorption of nicotinic acid 
and 2/6-iutidine on activated carbon. In addition to 
this the equilibrium studies of some heavy metal ions 
viz. Fe(III), Cu(Il), Ni(II), Mn(II) and Hg(II) on the 
surface of antimony(V) arsenophosphate, an amorphous 
inorganic ion exchanger have also been made. Finally the 
dimensionless time parameter T has been evaluated for 
some particle diffusion controlled forward and reverse 
H(I)-Cation(I) , OH (I)-Anion (I) and OH (I) -Anion(II) 
exchanges by using a computer programme. These T values 
simplify the treatment of kinetic parameters and improves 
the accui-acy of results over the old graphical method. 
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CHAPTER - I I 
ADSORPTION OF TERTIARY NITROGEN CONTAINING 
COMPOUNDS ON ACTIVATED CARBON:EQUILIBRIUM 
STUDIES OF NICOTINIC ACID IN AQUEOUS SYSTEMS 
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INTRODUCTION 
Pol lu t ion i s now an important problem owing to 
increased i n d u s t r i a l i z a t i o n and population overflow, and 
much effor t i s d i rec ted towards i t s c o n t r o l . Use of adsor-
bents / p a r t i c u l a r l y ac t iva ted carbon, i s of current 
i n t e r e s t in the removal of p o l l u t a n t s from a i r and water. 
The U.S. and Netherlands waterworks associa t ions have 
reported the use of ac t iva ted carbon for the removal of 
v o l a t i l e organic compounds from drinking water ( 1 ) . 
Recently, Nishino and Nakano (2) have reviewed the ro le 
of ac t iva ted carbon for water and wastewater t reatment , 
while Shelygin and Korol'kov (3) reviewed adsorption for 
the removal of p o l l u t a n t s from waste gases . Removal of 
chlorohydrocarbons from water by ozonation and extended 
granular ac t iva ted carbon adsorption was reported by 
Awazi ( 4 ) . Sander (5) reported the use of a granular 
carbon f i l t e r for the pu r i f i c a t i on of drinking water 
from organic contaminants and NH., Lulek and Grochmalicka-
Mikolajczyk (6) removed organic substances from water by 
passing i t through ac t iva ted carbon. They a lso analyzed 
the adsorption isotherms of phenol, indole and laury l 
sulphate on d i f fe ren t types of carbons. Various o ther 
s tudies have been conducted t o examine the s t a t i c and 
dynamic adsorption behaviour of ac t iva ted carbon towards 
p o l l u t a n t s in the t reatment of water and wastewater (7-10). 
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The use of ac t iva ted carbon has also been reported in the 
adsorption of hydrocarbons (11)/ phenols (12)/ alcohols 
(13)/ organic acids (14)/ dyes (15)/ p e s t i c i d e s (16) and 
p o l l u t a n t s (17) . 
The present work aims t o study the adsorption 
behaviour of ac t iva ted carbon for n i c o t i n i c acid, a 
t e r t i a r y n i t rogen-conta ining compound. Such compounds are 
suspected t o have carcinogenic behaviour, and hence t h e i r 
systematic study might reveal i n t e r e s t i n g r e s u l t s . The 
adsorption s tudies have been made in two media, namely 
pure water and NaCl so lu t ion , a t d i f fe ren t temperatures . 
The appropr ia te thermodynamic parameters have also been 
calcula ted and are discussed. 
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EXPERIMENTAL 
Reagents and chemicals 
Activated carbon No E4 34 Oil was obtained from 
E. Merck (India) Ltd, Nicotinic acid was obtained from 
E. Merck (F.R.G-). All other reagents used were of 
analytical grade. 
Apparatus 
A water-bath incubator-shaker having a temperature 
va r i a t i on of +0.5°C was used for the equil ibrium s tud ies . 
Preliminary treatment of activated carbon (AC) 
The AC was used a f t e r drying at 105°C for 2 h. I t 
was pur i f ied (18) by s t i r r i n g in 1 M hydrochloric acid 
for 3 h, f i l t e r i n g , and washing with d i s t i l l e d water 
u n t i l i t was free from chloride ions . Final ly i t was 
dried at 105°C. The dr ied AC was then kept in a Soxhlet 
apparatus for about 10 days before being stored in a 
dess ica tor over anhydrous PJDf., 
Solution of n icot in ic acid (NA) 
A stock solut ion of 0.1 M NA was prepared in 
d i s t i l l e d water . Different volumes of the stock solut ion 
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were added to give the required concentrat ion of NA in 
tne equ i l i b ra t ing so lu t ion . The e r ro r ana lys i s in the 
concentrat ion determination for n i c o t i n i c acid i s summa-
rized in Table 2 . 1 . 
Adsorption studies 
Samples weighing 0.5 g of the pur i f ied AC were 
shaken with 50 ml NA solut ions of d i f ferent concentra-
t i o n s a t 30^ 40, 50 and 60°C for 72 h. Preliminary 
s tudies have shown t h a t equilibrium i s reached within 
t h i s pe r iod . The adsorption was studied in pure aqueous 
and 0.1 M NaCl media. 
After 72 h the equ i l i b ra t ing so lu t ions were 
f i l t e r e d and t i t r a t e d against a standard NaOH solution 
using phenolphthaline as an indicator to determine the 
equilibrium concentration (C ) of NA in the so lu t i ons . 
^ e 
The amount of NA in mmol g~ AC (A, ) was ca lcula ted from 
the difference of NA added (C.) and the concentration of 
NA in mmoll" (C ) in the solut ion a f t e r equi l ibr ium. 
Treatment of data 
(a) To determine the isotherm shapes, A values were 
m 
plotted as a function of C^ at different temperature 
for both the systems. The plots are shown in Fig. 2.1 
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(b) A computer simulation technique was used t o f i t the 
adsorption data for the following adsorption models: 
( i) Langmuir model: According to t h i s model 
cyA = -J . r + r • c^ (1) 
e m K D D e 
where C and A are as mentioned e a r l i e r . K i s the equi-e m ^ 
librium constant and b i s the amount of adsorbate required 
t o form a monolayer. Hence a p lo t of C /A versus C should 
^ ^ e' m e 
give a straight line with a slope 1/b and an intercept 
l/Kb as shown in Fig. 2.2. 
(ii) Freundlich model: According to this model 
In h^= InK + i In C^ ( 2 ) 
where a l l the terms have the usual s ignif icance and n is 
an empirical cons tant . Thus a p lo t of In A versus In C 
•^  -^  m e 
snould give a s t r a i g h t l i n e with slope l/n and in tercept 
In K. 
(c) Thermodynamic parameters In K , A G , A S and A H were 
ca lcula ted from the equations given below. 
The free energy change ( A G) was ca lcula ted from 
the r e l a t ion 
A G = - RT In K C3) 
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Similarly the enthalpy change { A H) between 30 and 60°C 
was calculated from the following equation: 
In K = ~ ^ " + C (4), 
and the entropy change ( A S) was calculated from the 
equation 
A G = A H - T A s (5) 
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RESULTS AND DISCUSSION 
The adsorption of n i c o t i n i c acid (NA) on act ivated 
carfcon (AC) has been studied at 30, 40, 50 and 60°C in 
the following media: 
(1) pure water and 
(2) 0.1 M NaCl solut ion 
All the isotherms (Fig. 2.1) follow a Langrauirian 
pa t t e rn , as i s evident on comparing the coef f ic ien ts of 
determination of l eas t - squares f i t t i n g (r) shown in 
Table 2 .2 . Most of the isotherm belong t o the L- type 
and are sigmoid, except the isotherms at 40 C, in the 
presence of NaCl, which i s of the L type (19) . The 
adsorption isotherm at 60 C shows a steep r i s e in adsor-
pt ion isotherm a t C ^ 10 mmol 1 . The adsorption of NA 
does not show a regular ly increasing or decreasing trend 
in any of these systems over the temperature range 
s tudied . With an increase in the concentration of NA in 
the solut ion phase the adsorption increases , and a cross-
over of the adsorption isotherms occurs in a complex 
manner in both media. As the p l o t s of maximum adsorption 
(A ) against tenpera ture at d i f ferent c r i t i c a l equilibrium m ^ ^ 
concentrat ions suggest (Fig. 2 .3) , the maximum adsorption 
(2,76 mmol g""^ ) i s obtained at 60°C at C > 10 mmol l"-'' in 
^ e 
the pure aqueous system. However, in the presence of 
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NaCl the maximum adsorption (2.4 mmol g~ ) is observed 
at 40*^ 0 at C > 14 mmol 1~ . Thus/ in the presence of 
NaCl at 40°C and in its absence at 60°C the isotherms 
show unique behaviour, which may be interpreted in terms 
of the different types of arrangement of NA molecules at 
the surface of the AC. The shapes of the isotherms and 
the enthalpy data indicate that the adsoprtion of NA on 
the AC is due to physisorption (20). 
The plateaus are obtained in the absorption 
isotherms at 50°C in NaCl solution and at 40°C in pure 
water owing to the formation of a conplete monolayer of 
NA on the surface of the AC. The maximum slope in the 
NaCl medium was found to be 0.68 at 50 C, and in the 
pure aqueous medium at 40 C it was 0.61. We calculated 
the amount of NA needed to form a monolayer on AC (b) 
corresponding to these values. Thus we get b = 1,47 
mmol g" at 50°C in presence of NaCl and b = 1.64 mmol g~ 
at 40 C in its absence. Thus an average of about 1.56 
mmol g~ of NA is needed to form a complete monolayer on 
the surface of the AC. 
A critical analysis of the adsorption isotherm 
in the pure aqueous system reveals that the adsorption 
of NA on the AC increases with a rise in temperature 
from 40 to 60°C. The total adsorption at 30°C shows an 
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abnormal value, i.e., between 50 and 60°C. This anomaly 
may be interpreted in terms of an increased adsorbate-
adsorbent interaction, i.e. strong hydrogen bonding 
between the functional groups of NA and that of the AC. 
A steep rise in the adsorption isotherm at 60 C above 
C > 10 mmol l" is observed. This may be due to the 
condensation of NA molecules on the AC surface (21). 
With the rise in temperature the carboxylic groups of 
NA are desolvated, making it less hydrophilic and more 
compact, which increases the surface activity and satu-
ration value. Because of the increase in compactness 
(i.e. a decrease in the effective surface of the 
adsorbate) with the rise in temperature, adsorption 
increases between 40 and 60 C, and finally a capillary 
condensation effect is seen at 60 C (22). 
The adsorption isotherms in the presence of 
NaCl show a pattern that is quite different from those 
of the aqueous medium. Here, the adsorption process may 
be divided into two groups, first the group at 30 and 
4 0 C, and secondly those at 50 and 60°C. In both groups 
the total adsorption increases with the rise in tempera-
ture independently, as discussed earlier, Tnc reason 
for a completely different trend in this system from 
that of the pure aqueous one can be explained as follows; 
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1. Activation of the AC surface in the presence of NaCl 
by the removal of oxygenated complexes from the 
surface and 
2. A decrease in the hydrogen bonding between the func-
tional groups of NA and that of AC due to the salt 
formation on these groups. 
The fact that the presence of NaCl decreases the 
adsorption of NA at 30 C (as compared with the pure 
aqueous system) might be due to a slight decr^ ease in 
hydrogen bonding. There is an marked increase in the 
adsorption of NA. This may be due to the removal of 
oxygenated complexes from the surface, and hence an 
increase in the adsorption at this temperature is 
probably due to a change in the orientation of NA 
molecules (from parallel to pei'pendicular to the surface 
of AC), leading to a partially pore-filling nature (23). 
A decrease in the adsorption of group II of the 
NaCl medium may be interpreted in terms of a large 
decrease in hydrogen bonding. This change in tne adsor-
ption pattern may be due to desolvation of the functional 
group of the AC at elevated temperatures (50 and 60 C) 
and, further, salt formation between the functional 
groups present on the surface and the adsorbate molecules, 
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Thus salt formation enhances the solvation of functional 
groups/ resulting in a decrease in the compactness of the 
adsorbate molecules (NA)^ thereby causing a decrease in 
adsorption. 
The adsorption processes in both systems follow 
a reverse trend between 30 and 40°C/ and a similar trend 
between 50 and 60°C. At 30 and 60°C, in the simple system 
the extents of adsorption are almost same, but in the 
NaCl system they are quite different. 
The thermodynamic parameters (In K, A G and As) 
for the two systems are plotted as a function of tempera-
ture in Fig, 2.4, It is interesting to note from these 
data that the ordering of the adsorbed NA molecules on 
the AC decreases with increasing temperature between 30 
and 40 C in the pure aqueous medium but that it increases 
between 40 and 60 C in presence of NaCl. Thus the ordering 
of NA molecules becomes equal at 30 and 60°C, The mole-
cules become perpendicular (in a highly disordered 
manner) to the surface at 40 C, and this results in the 
highest adsorption of NA. Since the overall process is 
exothermic (Table 2.3)/ an increase in temperature is 
unfavourable for adsorption in such a case. 
The presence of NaCl maices the process endothermic. 
The effect of NaCl is evident in the entropy data, which 
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lie above tne level attained at any temperature in the 
pure aqueous system. This shows that in the presence of 
NaCl the molecules are more compactly arranged on the 
surface of the AC than in its absence. In this sytem 
the entropy decreases from 30 to 4 0 c and from 50 to 
60°C independently, reaching the highest value at 50 C. 
The pattern is similar to the adsorption data shown in 
Fig. 2.1 and discussed earlier. At 40 C the A S value 
is a minimum which is very close to but higher than the 
value of A S obtained in the pure aqueous medium at this 
temperature. This further suggests that the NA/AC system 
in NaCl medium at 40 C is the most stable system and 
shows the highest A value. Further, the presence of 
^ m 
NaCl enhances the adsorption capacity as well as the 
stability of the system, probably due to: 
1. The increase in physical forces 
2. The decrease in nicotinic acid-solvent interactions and 
3. A perpendicular arrangement of the molecules on the 
surface of the AC. 
With the rise in temperature, the increase in 
both A and the entropy may be due to the increased 
desolvation of -COOH groups of adsorbate and hence a 
more compact arrangement of NA molecules. These findings 
91 
forecast the good po t en t i a l for ac t iva ted carbon in waste-
water t reatment to remove these types of pol lu tants^ par t i -
cular ly in the presence of NaCl and at moderate tempera-
t u r e s (40°c) . 
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CHAPTER - I I ) 
ADSORPTION OF TERTIARY NITROGEN CONTAINING 
COMPOUNDS ON ACTIVATED CARBONrEQUILIBRJUM 
STUDIES OF 2 , 6 - L U T D I N E IN AQUEOUS SYSTEMS 
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INTRODUCTION 
The p r i n c i p l e o b j e c t i v e of t h i s i n v e s t i g a t i o n i s t o 
u n d e r s t a n d t h e s u r f a c e r e a c t i o n s a f f e c t i n g t h e a d s o r p t i o n 
of some t e r t i a r y n i t r o g e n c o n t a i n i n g compounds, p r e s e n t in 
t h e e n v i r o n m e n t a s p o l l u t a n t s , on t h e s u r f a c e of a c t i v a t e d 
c a r b o n (AC) . As a s y s t e m a t i c s t u d y , two e x t r e m e c a s e s 
namely an a c i d ( N i c o t i n i c a c i d ) and a b a s e ( 2 , 5 - L u t i d i n e 
o r 2 , 6 - D i m e t h y l p y r i d i n e , DMP) have b e e n s e l e c t e d . Which 
migh t r e f l e c t t h e n a t u r e of a d s o r b a t e - a d s o r b e n t i n t e r a c -
t i o n s i n such a s y s t e m . I n c h a p t e r I I , t h e a d s o r p t i o n 
b e h a v i o u r of n i c o t i n i c a c i d t o w a r d s AC h a s been s t u d i e d . 
H e r e , t h e a d s o r p t i o n b e h a v i o u r o f DMP on AC h a s been 
d e s c r i b e d . 
The p r e s e n t s t u d y d e a l s w i t h t h e r e s u l t s o b t a i n e d 
by t h e a d s o r p t i o n of DMP on t h e s u r f a c e of AC. D i f f e r e n t 
e q u a t i o n s f o r d i f f e r e n t a d o s r p t i o n i s o t h e r m s have been 
t r i e d i n o r d e r t o f i t t h e a d s o r p t i o n d a t a by u s i n g a 
computer s i m u l a t i o n t e c h n i q u e . The o v e r a l l t he rmodynamic 
p a r a m e t e r s have been c a l c u l a t e d on t h e b a s i s of i s o s t e r i c 
e n t h a l p y a t a p a r t i c u l a r s u r f a c e c o v e r a g e . A mechanism of 
a d s o r p t i o n i s p r o p o s e d i n o r d e r t o u n d e r s t a n d t h i s a d s o r p -
t i o n p r o c e s s . 
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EXPERIMENTAL 
Reagents and c h e m i c a l s 
A c t i v a t e d c a r b o n No E4 34011 was o b t a i n e d from E. 
MercK ( I n d i a ) L t d . 2 / 6 - D i m e t h y l p y r i d i n e (DMP) was o b t a i n e d 
from Sigma ( U . S * A . ) . A l l o t h e r r e a g e n t s and c h e m i c a l s were 
of a n a l y t i c a l g r a d e . 
Apparatus 
A w a t e r - b a t h i n c u b a t o r s h a k e r h a v i n g a t e m p e r a t u r e 
v a r i a t i o n of + 0 . 5 C was u s e d f o r t h e e q u i l i b r i u m s t u d i e s . 
P r e l i m i n a r y t r e a t m e n t of t h e a c t i v a t e d c a r b o n (AC) 
The AC was u s e d a f t e r d r y i n g a t 105°C f o r 2h . I t 
was p u r i f i e d (1) by s t i r r i n g i n 1 M h y d r o c h l o r i c a c i d 
f o r 3 h, f i l t e r i n g and washing v ; i th d i s t i l l e d w a t e r u n t i l 
i t was f r e e from c h l o r i d e i o n s . F i n a l l y i t was d r i e d a t 
105°C. The d r i e d AC was t h e n kep t i n a S o x h l e t a p p a r a t u s 
f o r a b o u t 10 d a y s b e f o r e b e i n g s t o r e d i n a d e s s i c a t o r o v e r 
a n h y d r o u s P-Oj . . 
S o l u t i o n of 2 , 6 - l u t i d l n e (DMP) 
A s t o c k s o l u t i o n of 0 . 1 M DMP was p r e p a r e d i n 
d i s t i l l e d w a t e r . D i f f e r e n t vo lumes of s t o c k s o l u t i o n were 
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added to give the required concentration of DMP in the 
equilibrating solution. The error analysis in the concen-
tration determination for DMP is summarized in Table 3.1. 
Adsorption studies 
Samples of 0.5 g of the purified AC were shaken 
with 50 ml DMP solutions of different concentrations at 
30, 40, 50 and 60°C for 72 h. Preliminary studies have 
shown that equilibrium is reached within this period. 
The adsorption was studied in a pure aqueous medium and 
in 0.1 M NaCl. 
After 72 h the equilibrating solutions were filtered 
and titrated against a standard HCl solution using methyl 
orange as an indicator in order to determine the equili-
brium concentration (C ) of DMP in the solutions. The 
amount of DMP in mmol g~ AC(A ) was calculated from the 
m 
difference of DMP added (C.) and the concentration of 
DMP in mmol 1~ (C ) in the solut ion a f t e r equi l ibr ium. 
The p l o t s are shown in Fig. 3 . 1 . 
Treatment of data 
The treatment of data has been the same as described 
in chapter I I . The thermodynamic parameters were obtained 
as follows: 
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The free energy change (AG ) was calculated on 
the bas i s of the equil ibrium concentrat ion at a p a r t i -
cular surface coverage of adsorption (2) 
A G = - RT In C (1) 
m 
Similarly the i s o s t e r i c enthalpy (A H ^) was calculated 
m 
by 
ain c - A H ^ ^ ^ A H ^ ^ ^ 
e m m 
and the entropy change ( A s ) was calculated by using 
the equation 
A G = A H ^ ^ ^ - T A S m m m 
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RESULTS AND DISCUSSION 
The analys is of the DMP absorption data reveals 
some in t e r e s t i ng f ea tu re s . They follow a mixed trend in 
the adsorption p a t t e r n . Some obey Freundlich-type adsor-
pt ion behavioxir and other the Langmuir type . Table 3.2 
suinmarizes these t r ends and compares the coef f ic ien t s 
of determination of l ea s t - squa res f i t t i n g (r) obtained 
from a computer ana lys is of the da ta . P lo t s for the 
Langmuir and Freundlich isotherms are shown in Fig. 3.2 
and 3,3 r e spec t ive ly . 
The adsorption process of DMP on AC in aqueous 
media in the presence or absence of NaCl can be explained 
on the bas i s of the following po in t s : 
1. Effect of equilibrium concentration 
2. Effect of temperature and 
3. Presence of an e l e c t r o l y t e . 
The extent of ads.i^jtion in a l l these system 
increases with the increase in equilibriuin concentrat ion, 
as shown in Fig . 3 . 1 . All the adsorption isotherms show 
two p la teaus , except t ha t obtained in water at 60 C. The 
f i r s t p la teau in the isotherm occurs because of the adsorption of 
adsorbate molecule through the weak d ispers ive forces 
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(van der Waals forces) r e su l t i ng from the hydrophobic 
pa r t of the surfactant . The cur'^e below the pla teau 
represents the f i r s t stage of aasorp t ion . At t h i s s tage, 
DMP molecules tend t o l i e f l a t on the surface of the AC, 
forming a monolayer which i s shown in F ig . 3 .4 . By the 
time tne monolayer i s complete, most of the "free" 
solvent molecules are displaced from the surface of the 
AC and DMP should be hydrated. Hence t h e r e w i l l be a 
continuous layer of solvated molecules in the i n r e r f ac i a l 
layer of the AC (3J . The increase in temperature has a 
pos i t i ve role in tne extent of adsorpt ion in the systems 
s tudied . This effect may be in t e rp re t ed in the l igh t of 
desolvat ion, which with a r i s e in temperature , reduces 
the ef fec t ive s ize of the adsorbate molecules and hence 
increases the adsorption ( 4 , 5 ) . 
In the subsequent s tages , adsorpt ion increases 
mainly through adsorbate-adsorbent i n t e r a c t i o n s tha t 
i n i t i a l l y determine how the adsorpt ion proceeds when the 
f i r s t plateau i s observed. These i n t e r a c t i o n s mainly 
depend upon the nature of the adsorbent and on the 
hydroph i l i c - l ipoph i l i c balance in the su r f ac t an t . In 
case of NaCl solut ion at 30 C, the point of in f lec t ion 
i s observed e a r l i e r in the isotherm as comoared to the 
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MODEL FOR THE ADSORPTION OF 2,6-LUTIDINE (DMP) ON ACTIVATED CARBON, 
SHOWING THE ORIENTATION OF DMP MOLECULES AT THE SURFACE . 1-IV ARE THE 
SUCCESSIVE STAGES OF ADSORPTION AND SEQUENCES A-C CORRESPOND TO 
SITUATIONS WHERE THERE ARE RESPECTIVELY WEAK , INTERMEDIATE AND 
STRONG INTERACTIONS BETWEEN THE ADSORBENT AND THE HYDROPHILIC MOITY 
OF THE SURFACTANTiTHE C . M . C IS INDICATED BY AN ARROW . 
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r e s u l t s obtained in pure water i s mainly due t o the for-
mation of mult i layers of hor i zon ta l ly or ien ted adsorbate 
molecules. A sl ight increase in t he equil ibrium concen-
t r a t i o n of DMP forms another layer of DKP molecules tha t 
l i e f l a t . This causes an increase in adsorpt ion . 
In the pure water system a t 30, 40 and 50 C and 
in the NaCl system at 4 0, 50 and 60 C t h i s stage of the 
isotherm can be in terpre ted as fo l lows: I t occurs when 
ne i the r type of displacement i s favoured and the adsor-
bate molecules remain f l a t on the su r face . Thus there i s 
no sharp increase in DMP adsorp t ion . An increase in 
adsorption may be due t o the desolvat ion of DMP molecules. 
In a l l the isotherms except t ha t in water a t 60 C, 
the change in amount adsorbed at the t h i r d stage of the 
isotherm i s l a rge . I t i s observed t h a t a t t h i s stage the 
concentration of DMP in the bulk so lu t ion approaches 
the c r i t i c a l micelle concentrat ion (c .m.c . ) and the re 
should be a tendency for the adsorbed molecules t o 
aggregate in the bulK so lu t ion . This aggregation of DMF 
molecules o r i en t s them v e r t i c a l l y to form a monolayer. 
The reason for the increased adsorpt ion and r eo r i en t a -
t ion of DMP molecules might be due t o t he increased 
l a t e r a l in te rac t ions among the DMP molecules a t t h i s 
surface coverage. 
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With a rise in temperature the increase in adsorp-
tion might be due to adsorbate-solvent interactions 
rather than adsorbate-adsorbent interactions. The above-
mentioned orientation results in the desolvation of the 
adsorbate layer and formation of a second layer above 
the first. At a higher temperature these layers or 
clouds change to a lamelar mesophase which at still 
higher temperatures might be converted into an amorphous 
adsorbate phase containing a very little water. An 
increase in temperature (to 60 C) in pure water may 
also enhance the adsorbate - adsorbent interaction and/ 
or the aggregation of the adsorbate molecules in the 
bulk solution, thereby resulting in a vertically 
oriented, more closely packed layer on the surface of 
the AC, DMP appears to show this type of behaviour in 
the pure aqueous system, when we get a single ill-
defined plateau, which may be due to the formation of an 
incomplete monolayer. It is expected, on the basis of 
the theoretical value of the intercept of the Langmuir 
isotherm (Table 3.2), that the plateau will possibly 
be obtained at an equilibrium concentration (C ) of 
e 
25 mmol 1~ , cor responding t o a s a t u r a t i o n c a p a c i t y of 
3.5 mmol g~ (see F i g . 3 . 1 a ) . 
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It has been observed that the presence of 0.1 M 
NaCl increases the total adsorption of DMP on AC. In 
fact the electrolyte alters the solubility, surface 
activity and aggregation properties of DMP, and this 
has a marked effect on adsorption at the solid-solution 
interface. Thus, an electrolyte that "salts out" a 
surfactant would increase the adsorption (6,7) . 
The heat of adsorption of DMP on AC is negative 
in DOth systems, indicating an usual exothermic process 
(lable 3.3 and Fig. 3.5),. since 40>H > 25 kJ mol"''", the 
m 
process appears to be physisorption leading to chemisorption 
(8,9). The A G values are negative in pure water and NaCl 
media and increase with increasing temperature (Fig. 3.6). 
The negative values of A G indicate the spontaneous nature 
of the process. The process is found to be more spontaneous 
in the pure water system than in the presence of NaCl. The 
increased spontaneous nature in the aqueous system can 
be explained as follows: The presence of NaCl enhanced 
the desolvation of -CO^H and -OH groups present on the 
surface of the adsorbent. Also, it decreases the hydrogen 
bonding between the adsorbate and adsorbent, making it 
less spontaneous. Further, there may be competition for 
adsorption between the electrolyte and DMP, thus causing 
a decrease in the rate of adsorption of the latter. 
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As the r e s u l t show, the entropy of each system 
remains almost constant with the r i s e in temperature. 
However, in the NaCl medium the entropy changes are 
more negative in comparison with pure water . This 
suggests an enhancement of the s t a b i l i t y of the system, 
in tne presence of NaCl, perhaps due to the "sa l t ing 
out" effect of NaCl, as described e a r l i e r ( 9 ) . This 
means t h a t adsorption takes place according t o the 
process as discussed above in the l igh t of the free 
energy change. Almost constant values of the entropy 
da ta , for both systems, further support our model of 
adsorption of DMP lying pa ra l l e l t o the the surface in 
t h e L-4 type isotherm (10). On the other hand, in the 
L-2 type ad<3orption isotherm a monolayer i s formed 
leading t o the maximum adsorption of perpendicular ly 
o r ien ted molecules. This means tha t the entropy should 
increase in t h i s case, whereas i t remains constant , 
perhaps because of the increased l a t e r a l forces , which 
are s t a b i l i z i n g the perpendicularly or ien ted DMP mole-
cules t o the same extent as the p a r a l l e l or ien ted 
molecules. 
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CHAPTER - IV 
EQUILIBRIUM STUDIES FOR THE FORWARD AND 
BACKWARD METAL-H(I) EXCHANGES ON ANTI-
MONY (V) ARSENOPHOSPHATE 
114 
INTRODUCTION 
I t h a s a l r e a d y b e e n e m p h a s i z e d i n C h a p t e r - I I , t h a t 
w a t e r p o l l u t i o n i s an i m p o r t a n t p r o b l e m o f t h e d a y . E f f o r t s 
a r e b e i n g made n o w - a - d a y s t o cxDpe w i t h t h i s p r o b l e m by 
d e v i s i n g methods f o r i t s c o n t r o l and m o n i t o r i n g , i o n 
e x c h a n g e b e i n g one of t h e mos t p r o m i s i n g o f t h e m ( 1 , 2 ) , 
I t h a s a g r e a t scope i n t h e w a t e r p o l l u t i o n s t u d i e s . 
I n o r g a n i c i o n e x c h a n g e m a t e r i a l s a r e o f g r e a t 
i m p o r t a n c e b e c a u s e of t h e i r h i g h s t a b i l i t y u n d e r s t r o n g 
r a d i a t i o n s and e l e v a t e d t e m p e r a t u r e s . They h a v e , t h e r e f o r e , 
an a d v a n t a g e o v e r t h e o r g a n i c r e s i n s w h i c h a r e , o f c o u r s e , 
more s t a b l e m e c h a n i c a l l y . F u r t h e r , t h e i n o r g a n i c m a t e r i a l s 
i l l u s t r a t e a p r e f e r e n t i a l s e l e c t i v i t y f o r c e r t a i n m e t a l 
i o n s ( 3 - 7 ) , T h i s p r o p e r t y o f t h e s e m a t e r i a l s can b e a d v a n -
t a g e o u s l y e x p l o r e d t o s e p a r a t e t h e t o x i c h e a v y m e t a l s from 
w a t e r i n p r e f e r e n c e t o t h e o t h e r s whose p r e s e n c e i n w a t e r 
can b e t o l e r a t e d t o c e r t a i n l i m i t s . T h u s , t h e s e m a t e r i a l s 
h a v e a p r o m i s i n g f u t u r e i n t a c k l i n g t h e p o l l u t i o n p r o b l e m . 
In o r d e r t o u n d e r s t a n d t h e mechan i sm of t h e p r e -
f e r e n t i a l s e l e c t i v i t y f o r c e r t a i n m e t a l i o n s on t h e s u r f a c e 
of i n o r g a n i c i on e x c h a n g e r s i t i s n e c e s s a r y t o p e r f o r m t h e 
e q u i l i b r i u m s t u d i e s . Such a f u n d a m e n t a l s t u d y i s h e l p f u l 
i n e l u c i d a t i n g t h e i o n exchange p o t e n t i a l o f t h e s e m a t e r i a l s 
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\inder var ious condi t ions of use and i s t he backbone for 
developing t h e experimental knowhow for a poss ib le 
commercial use of t h e s e subs tances . Although, the c rys ta -
l l i n e inorganic ion exchangers have received much a t ten t ion 
in t he study of t h e i r thermodynamic aspects , amorphous 
ma te r i a l s are found neg lec ted . The possible reason may be 
t h e i r i l l defined s t r u c t u r e s . However, since most of the 
mate r i a l s prepared so far showing a promising ana ly t i ca l 
p o t e n t i a l a re amorphous in natux-e (8), t h e i r systematic 
thermodynamic study should be of great importance. 
Ea r l i e r equil ibrium s tudies have been performed on 
t h e mate r i a l s such as amorphous and c r y s t a l l i n e zirconixan 
phosphate (9-16) , c r y s t a l l i n e t i tanium phosphate (17), 
amorphous cerium phosphate (18) , t i tanium and vanadiim 
oxides (19), t i n oxide (20), manganese and n ickel tungs ta tes 
(21) , zirconium arsenate (22), tantalum arsenate (23), iron 
antimonate (24), c r y s t a l l i n e antimonic acid (25,26) , 
c r y s t a l l i n e antimony s i l i c a t e (27), zirconium phosphos i l i -
ca te (28), antimony phosphate (29,30) and antimony 
arsenophosphate (31) . However, most of these s tud ies 
"have concentrated on the a l k a l i and a lka l ine ear th metal 
ions and t h a t too for the Metal-H(I) exchanges i . e . the 
exchanger taken in H(I) form and subjected to t he ion 
exchange with a metal ion . 
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The present s tudies r e l a t e mainly to t he heavy 
metal ions genera l ly encountered in t h e po l l u t i on s tudies 
such as F e ( I I I ) , Cu(II) , Mn(II) , Ni ( I I ) and H g ( I I ) . The 
ion exchange matrix selected for such a study has been 
t h e antimony (V) arsenophosphate and both t h e forward and 
backward exchange processes have been taken up . Antimony (V) 
arsenophosphate has been of considerable i n t e r e s t since i t 
behaves as a cation exchanger with an exce l len t s e l e c t i v i t y 
for these heavy metal ions (7) . The following pages 
summarize the r e s u l t s of such a s tudy. The appropriate-
thermodynamic parameters have been ca lcu la ted and a 
mechanism of ion-exchange has a lso been proposed on the 
b a s i s of these parameters . 
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EXPERIMENTAL 
R e a g e n t s and C h e m i c a l s ; 
Antimony(V) c h l o r i d e u s e d i n t h i s s t u d y was a 98% 
p u r i t y p r o d u c t o f F l u k a , S w i t z e r l a n d . T r i s o d i u m o r t h o -
p h o s p h a t e , d i s o d i u m a r s e n a t e and o t h e r r e a g e n t s u s e d were 
of AnalaR g r a d e . 
A p p a r a t u s i 
A w a t e r b a t h i n c u b a t o r s h a k e r h a v i n g a t e m p e r a t u r e 
v a r i a t i o n of + 0 . 5 ° C was u s e d f o r t h e e q u i l i b r i u m s t u d i e s . 
S y n t h e s i s o f an t lmonv(V) a r s e n o p h o s p h a t e ( S b A s P ) : 
Antimony(V) a r s e n o p h o s p h a t e was p r e p a r e d by mix ing 
t h e s o l u t i o n s of an t imony(V) c h l o r i d e ( 0 . 0 5 M) i n 4 M HCl, 
t r i s o d i u m o r t h o p h o s p h a t e ( 0 . 0 5 M) and d i s o d i u m a r s e n a t e 
( 0 . 0 5 M) i n DMW i n t h e vo lume r a t i o o f 3 : 1 : 1 . T h e pH of t h e 
r e s u l t i n g g e l was f i x e d i n t h e r a n g e 0 - 1 by a d d i n g ammonium 
h y d r o x i d e w i t h c o n s t a n t s t i r r i n g . A f t e r k e e p i n g t h e g e l f o r 
24 h o u r s a t room t e m p e r a t u r e , i t w a s f i l t e r e d , washed w i t h 
DMW and d r i e d i n an a i r oven a t 4 5 ° C . 
The p r o d u c t t h u s o b t a i n e d was c r a c k e d i n DMW t o 
form s m a l l g r a n u l e s . I t was t r e a t e d w i t h 1 M HNO_ f o r 24 h o u r s . 
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with occasional shaking and replac ing the acid , to convert 
into H form. The mater ia l thus obtained was f i na l ly washed 
t o pH 6-7 and dr ied at 45 C before s ieving t o uniform size 
(60-100 mesh). The Na -ion exchange capacity obtained by 
the column process was found to be 2.2 meq gm 
Equilibrium Experiments: 
(a) Forward Process ; 
Two hundred mill igrams of t h e exchanger in H(I) 
form was shaken for 3 hrs in var ious conical f lasks at 
30 and 50°C with a 20 ml solut ion of t he concerned metal 
ion keeping a constant ionic s t r eng th of 0.03 adjusted by 
adding an appropr ia te amount of HNO . 
(b) Backward Process ; 
In the backward equil ibrium experiments t he 
exchanger (200 mg) was taken in t he metal form and was 
shaken for 4 hours at 30 and 50 C with a 20 ml solut ion 
of HNO. of a constant ionic s t rength (0.03) adjusted by 
adding an appropr ia te amount of metal so lu t ion . The metal 
ions were determined volumetr ica l ly using a standard EDTA 
solution as a t i t r a n t . Hydrogen ions were determined by 
t i t r a t i n g against a standard NaOH so lu t ion . 
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E v a l u a t i o n o f t h e thermodynamic p a r a m e t e r s : 
The i o n e x c h a n g e p r o c e s s o c c u r i n g on t h e e x c h a n g e r 
can b e r e p r e s e n t e d by t h e e q u a t i o n : 
nH"^  + M""^ ; " M""^ + nH"^  (1) 
n+ Where M represents the metal ion, n its valency 
and bar represents the ion in the exchanger phase. The 
equilibrium between the ionic concentration in the exchanger 
and solution phases is expressed as: 
H^ + Si ^ = ^ S. ^  S 2^) 
The e q u i v a l e n t i o n i c f r a c t i o n s of t h e m e t a l and 
hyd rogen i o n s i n t h e two p h a s e s a r e c a l c u l a t e d from t h e 
e x p r e s s i o n s : 
^. ~ - ' ^ ~ c ' ^ - - ' ^ ~ c 
w h e i e C and C a r e t h e t o t a l e l e c t r o l y t e c o n c e n t r a -
t i o n s i n t h e e x c h a n g e r and s o l u t i o n p h a s e s r e s p e c t i v e l y . 
To examine t h e a f f i n i t y f o r t h e i n t e r a c t i n g i o n s , 
t h e s e p a r a t i o n f a c t o r s (<=<.) and s e l e c t i v i t y c o e f f i c i e n t s 
(K ) f o r t h e M e t a l - H ( I ) and H ( I ) - M e t a l e x c h a n g e s were 
c a l c u l a t e d f rom t h e f o l l o w i n g e x p r e s s i o n s , a s s u m i n g t h e 
r a t i o of t h e a t r t i v i t y c o e f f i c i e n t s i n t h e s o l u t i o n a s 
u n i t y ( 3 2 , 3 3 ) . Under t h e s e c o n d i t i o n s K c e a s e s t o e x p r e s s 
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i n t e r a c t i o n s in t h e s o l u t i o n , 
^M = ^ ' '^H (3) 
H •-
n 
K = — — (4) 
for t h e Metal-H(I) exchange, and. 
.K _ ^ri • ^ . (5) 
^ ()C,)" . (X„) 
K^  = --^ ^ (6) 
fo r t h e H(I) - Metal exchange . 
The thermodynamic e q u i l i b r i u m c o n s t a n t s were 
o b t a i n e d (34) from t h e r e l a t i o n s h i p : 
In K = (Z^- - Zg) + In K^ d Xj^  (7) 
where Z and Z a r e t h e v a l e n c i e s of t h e competing 
i o n s . The i n t e g r a l s were o b t a i n e d from t h e a r e a s under 
t h e curve obta ined by p l o t t i n g log K v s 5c^  us ing t h e 
t r a p e z o i d ru l e (35 ) . 
Having known t h e v a l u e of In K, t h e s t a n d a r d f r ee 
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energy of exchange ( A G ) for t he i n t e r ac t ion (Eqn. l) 
was ca lcu la ted (36) from the r e l a t i o n s h i p : 
A G = - RT In K (7) 
where R i s the universal gas constant and T i s 
the temperature in Kelvin. 
The standard enthalpy and entropy changes ( A H , 
and As°) were calcula ted by the following equat ions: 
I n 77 = - n — V !fi ;p ) l b ; 
^ ^ ^ 2 1 
and/ 
A G ° = A H ° - T A S ° (9) 
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RESULTS AND DISCUSSION 
Figures 4.1 and 4.2 show tne results of the equili-
brium versus time experiments done in botn the forward and 
backward directions. For the forward exchange the material 
was taxen in nil) form while for the backward one it was 
taxen in the metal ion term. As these figures indicate an 
equilibrium is attained witnin three hours in the torward 
direction and nearly four hours in the backward direction. 
Four hours were therefore, chosen in all the studies in 
order to ascertain that the equilibrium was attained. 
Various values for the Metal-H(I) and H(I)-Metal 
exchanges, obtained at 30 and 50°C are summarized in 
Tables 4.1 to 4.5 and the exchange isotherms are shown 
in Figs. 4.3 and 4.4. As it is clear from these figures, 
Fe(III) ions are preferably adsorbed by antimony(V) 
arsenophosphate (SbAsP) phase, the preference being higher 
at 50 C. This conclusion is retained by the value of 
separation factors and selectivity coefficients (Tables 
4.1 - 4.5). 
Figure 4.3 shows the exchange isotherms for the 
exchange of Metal-H(I) systems. At 30°C, the decreasing 
order of uptake of the metal ions and the corresponding 
physical constant as well as standard and observed thermo-
u 
0 
M-l 
u 
0 
o 
i n 
n 
c fO 
o 
m 
-P 
fO 
y—^ 
H 
— < • 
X 
1 
-^^  
M 
H 
—^  
• H 
2 
M-l 
0 
n 
-P 
c 
OJ 
•H 
u 
• H 
rH M-l 
. 4-1 
«;(< Q) 
0 
M U 
^ 
B -^ 
p> 
--H 
4J 
u 
r ; 
rH 
OJ 
m 
T3 
C 
fD 
to 
1-1 
O 
i^ 
fO 
4-1 
c 
o 
4J 
fl3 
l-l 
(V 
ft 
0) 
w 
H-< 
O 
W 
0) 
p 
M 
(0 
> 
0) 
-p 
d 
x: ft 
CO 
0 
x: 
ft 
0 
G 
Q; 
(0 
M 
(0 
^^ 
> 
'—' 
> i 
c 
0 
b 
• H 
4J 
c fO 
c 0 
V) 
C (C 
^ 
u 
y. 
Q) 
n^ 
S-l 
m 
^ 
o 
rtl 
XI 
•d 
c 
TJ 
k 
(0 
a 
o 
m 
CO 
0) 
en 
C 
fO 
x: 
u 
X 
o 
m 
u 
M 
O 
to 
0) 
CJ> 
a 
(0 
u 
X (•) 
M 
(0 
o 
M 
O 
ptH 
u 
en 
o 
Si 
en 
o 
2 3J 
C) 
• ) 
o IT) 
M 
i H 
* 
o 
1 
00 
o 
a^  
o 
1 
r^  
CO 
yD 
o 
ro (N 
in 
o 
in 
CD 
• ^ 
o 
1 
r-
n 
• * 
o 
1 
VO 
o 
r-
o 
in 
n 
c^  
o 
1 
^ 
o 
r-t 
1 
00 
(N 
CN 
i - l 
1 
C) 
~) 
O 
m 
r-
U"1 
vD 
o 
•«t 
o 
Ch 
o 
1 
en 
^ 
rH 
1 
rH 
i H 
CO 
O 
1 
CO 
ro 
MD 
O 
1 
r-
i n 
m 
o 
1 
CT\ 
CO 
r^  
o 
1 
m 
CN 
rH 
I 
•>3' 
ON 
ro 
1 
i n 
I-l 
^ 
1 
o 
o 
in 
U 
0 
o 
ro 
O 
U 
D 
O 
in 
U 
o 
o 
ro 
CO z 
CN 
O 
i n 
r o 
(N 
O 
rsi 
VD 
i n 
CM 
ro 
ro 
CO en 
o 
•^  
i n 
CM 
ro 
r-
^ CM 
vD 
O 
CM 
o 
00 
CM 
O 
•<3" 
O 
O 
o 
T-{ 
rsi 
o 
c -
fO 
o 
o 
00 
ro 
O 
CO 
(M 
O 
CO 
o o 
O lO ro 
r- r- -^ r 
CM o r-
00 m 
ro 
vD 
r~ 
i n 
i n 
CM CM 
CM 
O O 
CO 
l£) 
O 
CO 
o o 
CO 
m 
o 
CTv 
o 
o 
CO 
o 
CO 
o 
u 
1 
o 
i n 
CO 
ON 
o 
rH 
^ 
OO 
o 
o 
i n 
CM 
o 
c 
ro 
i n 
o 
o 
c^  
CM 
CM 
o 
1 
r-
(j\ 
CM 
o 
1 
r^ 
CM 
VO 
o 
1 
o 
cr> 
[ ^ 
o 
1 
c\ 
u l 
cn 
o 
1 
CD 
ON 
aT 
CM 
1 
u 
") 
o 
ro 
i n 
en 
c~-
o 
CO 
0"\ 
T H 
o 
rH 
cn 
o 
o 
1-0 
i n 
o 
o 
o 
r-T 
• > * 
o 
rH 
rH 
^D 
O 
1 
r^  
<* 
r-
o 
I 
CM 
\o 
TH 
1 
r-l 
^ 
VO 
rH 
1 
o 
o 
r^  
ro 
1 
'•£> 
CO 
O 
ro 
C^ J 
^ 
en 
o 
00 
o 
i n 
CM 
CM 
ro 
rH 
r-
'X) 
o 
r-
o 
o 
o 
123 
CM 
'?• i£) 00 C7^  O 
a 
u 
o o 
i n 
T? 
c 
f3 
O 
m 
4 J (15 
-^^  
H 
-—^  
X 
1 
-^> 
H 
H 
—^' 
c 
>^  
4-J 
0 
m 
• P 
n 
0) 
- H 
u 
CM -rH 
• IW 
3^< m 
Q) 
DJ 0 
^ u 
9 >. 
H -P 
•H 
> 
• H 
1^  
0) 
r-\ 
\U 
Vi 
X) 
G 
fC 
U) 
0 
ti 
ra 
4-1 
c 
o 
• H 
4-> 
ro 
M 
m 
>-^  0) 
m 
w^ 
0 
m 
0) 
;J 
r H 
fO 
> 
0) 
-p 
fO 
("• 
a. 
W 
0 
£ 
a. 0 
c 
0) 
«) 
t^ 
03 
, ^ - N 
> 
—' 
> i 
c 
o 
e 
•rH 
• P 
c 
fO 
c 
o 
(/} 
(U 
rri 
c 
ft) 
u 
X 
"-^  
T3 
)^ 
X 
C) 
ffl 
XI 
c 
ro 
•ri 
u 
m 
a 
o 
4-1 
w 
D^  
C 
u 
LI 
u 
(0 
o 
c 
fD 
x: 
u 
X 
UJ 
T3 
M 
> 
M 
O 
PH 
1-1 
O 
o 
O 
O 
c 
u 0 
0 
i n 
ro 
VO 
r-\ 
• 0 
1 
» H 
i H 
<• 
• 0 
1 
CM 
00 
V£) 
* 0 
1 
CM 
n 
CO 
• 0 
1 
r-
•>* 
CO 
• 0 
1 
c^  
• ^ 
cr. 
• 0 
1 
i n 
VO 
0^ 
• 0 
1 
i n 
i n 
cr\ 
• 
0 
CO 
en 
0 
• 
T-l 
1 
a1 
CO 
CM 
• 
r-l 
1 
124 
u 0 
0 
n 
r-
m 
• ^ 
0 
1 
(30 
i n 
i n 
0 
VO 
00 
r-
0 
1 
VD 
00 
cr> 
0 
1 
CM 
0 
>-H 
r H 
l > 
a> 
OJ 
1 
CM 
0 
og 
1 
i n 
rl 
r H 
1 
•^  
i n 
T H 
1 
ro 
0 
L O 
. - 1 
1 
u 0 
0 
i n 
r H 
0 
r-
• 
vD 
CM 
t t 
• 
<-l 
VO 
CN 
• 
C) 
n 
0 
i n 
en 
CO 
n 
0 
1 
0 
ro 
og 
0 
1 
r H 
r H 
CN 
0 
CM 
cn 
r H 
0 
OJ 
CO 
r H 
0 
1 
<-| 
' * 
r H 
0 
VO 
<n 
ro 
0 
r-
r-
VO 
0 
1 
0 
i n 
r H 
rH 
1 
(^  
00 
r~ 
r-i 
1 
u 
D 
O 
ro 
•-H O 
CO JS 
VO 
OJ 
OJ 
i n 
0 
OJ 
in 
OJ 
ro 
CM 
o 
o 
VO 
o 
CM 
VO 
rH 
C) 
0 
0 
ro 
i n 
CO 
ro 
0 
• ^ 
r H 
ro 
0 
ro 
r-i 
OJ 
0 
r~ 
i n 
r H 
0 
i n 
" i * 
r H 
0 
0 
ro 
r H 
0 
0^ 
>* 
r-{ 
a 
r-
r-
T-i 
0 
i n 
CO 
r H 
0 
r H 
r H 
r H 
0 
0 
1 
0 
ro 
o\ 
r-
0 
r H 
CM 
CM 
0 
0 
i n 
CM 
i n 
r H 
0 
1 
VO 
n 
0 0 
0 
1 
r-
• * 
i n 
0 
1 
i n 
VO 
CO 
0 
ro 
i n 
Ch 
0 
1 
CO 
i n 
ro 
r H 
i n 
CM 
r H 
CM 
1 
^3* 
CO 
r-
OJ 
1 
U 
0 
0 
i n 
CO 
rH 
• ^ 
• ^ 
0 
VO 
iT) 
CO 
i n 
r-
0 
i n 
en 
CO 
VO 
'^ 
i n 
r~-
i n 
0 
i n 
0 
CTl 
CM 
CTi 
m 
rH 
an 
in 
0 
u 
0 
iw 
u 
0 
o 
LD 
XJ 
C 
fO 
o 
rn 
•P 
o; 
._^  
H 
— • 
3 : 
1 
,—s 
H 
H 
-— Di 
X 
H-l 
0 
m 
4-) 
C 
0) 
•rH 
o 
- H 
U^ 
n 4-1 
a> 
^ o 
u 
-•3 
J :>i 
^ -i^  
H ?> 
--H 
1—i 
(1) 
'-Ij 
fO 
w 
u 
o 
t; fO 
4-i 
c 
o 
•H 
-P 
1-1 
10 
a Q) 
« 
4-1 
o 
m 
QJ 
3 
•-i 
ro 
> 
0) 
+J 
>v 
x: 
a, 
CO 
0 
x: 
a 
0 
c 
<u to 
i-i 
fO 
-^^  
> 
-—' 
> i 
c 
0 
p 
•H 
-p 
c fO 
c 
o 
(0 
(U 
x: 
u 
X 
0) 
73 
U 
rO 
.? 
f ) 
ro 
X! 
11 
C 
rO 
XJ 
u 
fO 
a 
o 4-1 
to 
o 
u 
X 
1-1 
? 
u 
(0 
03 
M 
O 
P4 
w 
0) 
Dl 
C 
rO 
U 
X 
w 
M 
(0 
? 
O 
u 
o 
u 
o 
u 
en 
O 
X X 
CO 2 
u 
O 
U 
o 
U 
O 
O 
O 
U 
o 
U 
o 
o 
ro 
O 
O 
O 
ID 
o 
o 
o 
n 
«* 
CD 
f M 
O 
1 
o> 
cr\ 
ro 
o 
1 
a\ 
r-i n 
o 
1 
a\ 
ON 
VO 
o 
1 
00 
ro 
00 
O 
1 
CM 
O 
a\ 
o 
1 
CM 
O 
o 
T H 
1 
o 
CO 
en 
o 
1 
00 
C3\ 
r^ 
rH 
1 
00 
f - l 
•<3* 
r-i 
1 
(^  
ro 
• * 
O 
1 
ro 
O 
<D 
O 
1 
ON 
CTN 
r-
o 
1 
<-l 
VD 
O 
1 
00 
^ i H 
T H 
r^  
•^  
t H 
1 
fO 
r~ 
t-H 
» 
Lfl 
CO 
CN 
1 
00 
CM 
•3^ 
T - l 
Lf l 
ro 
vD 
r^  
ro 
in 
\o 
m 
«* 
\D 
TH 
ro 
•^  
in 
r^ j 
O 
vo CM 
o 
tH 
CM 
r^  
CO 
r-l 
CO 
o CM 
CN) 
VO 
r-( 
•<3' 
CM 
TH 
o 
o 
o 
ro 
O 
o o 
i n 
CO 
ro 
r^  
CO 
CM 
ro 
O 
CM 
CM 
ro 
i- l 
CO 
CM 
r- l 
00 
ro 
j - i 
^ 
•vf 
r-t 
CO in a\ vD cr. 
o o 
^ 
o 
3 
CM 
o 
m 
CO 
• o 
1 
r-
VD 
• o 
1 
VO 
VD 
• O 
1 
i n 
vD 
• o 
1 
ro 
r-
• o 
I 
<H 
(J\ 
• o 
1 
vO 
£^) 
• 
1 
t^ 
C^ 
• 
< - l 
1 
>* 
r-l 
• CM 
1 
rsj 
•sT 
• 
1 
CO 
o 
T H 
1-1 
1 
i n 
VD 
r-
rH 
1 
ro 
^t 
O 
r- l 
1 
vO 
<H 
o 
rH 
1 
CO 
CO 
00 
o 
1 
o 
>X) 
ro 
r- l 
1 
CO 
r^  CO 
r-{ 
1 
vD 
CM 
T-l 
rsi 
1 
CO 
a^ 
ro 
CM 
1 
CO 
CM 
^ 
CM 
1 
-;}' 
-^  
T-\ 
i n 
ro CM 
VD 
'd' 
CM 
r-
i n 
CM 
i n 
fM 
CM 
CO 
VD 
T H 
•* 
i n 
o 
>H 
^ 
o 
>-H 
ro 
O 
CM 
fM 
O 
VO 
00 
l_) 
o 
00 
r-( 
o 
o 
in 
r-i 
r-{ 
O 
CO 
(N 
r-i 
o 
o 
r^  
rH 
o 
V£» 
CO 
o 
o 
o 
• ^ 
o 
o 
T-4 
ro 
O 
O 
CM 
rsi 
o 
o 
r--
r-l 
o 
o 
CM in ^ 00 a\ 
u 
0 
m 
u 
0 
o i n 
T) 
C 
m 
o 
n 
4-> 
fO 
^^ 
H 
1 
^^  
H 
H 
Q) 
b< 
^ 
0 
en 
-P 
c (U 
•H 
^ U 
• ^ 4-1 
H-l 
W QJ 
q^ 0 
§ U 
-p 
-iH 
?> 
•H 
ti 
0) 
rH 
(U 
to 
TS 
c (0 
w 1-1 
o 
fO 
U-l 
c 
o 
• H 
-p 
M 
rO 
O-
Q) 
« 
H-l 
O 
« 
0) 
;3 
rH 
(B 
> 
<\) 
4J 
m 
x: 0. 
CO 
o 
^ 
04 
O 
c Q) 
W 
l-i 
(t3 
,_^  
> 
—^  
> i 
C 
o 
^ 
-p 
c (0 
c 
0 
CO 
0) 
O i 
c fO 
j : : 
u X 
0) 
(0 
(J 
• 0 
c 
fO 
T3 
i-( 
fO 
a 
0 
M-l 
m 
0) 
en 
c 
o X 
0) 
TJ 
M 
03 
A;; 
u (0 
CQ 
V4 
0 
CO 
0) 
CT> 
C 
(T3 
x: 
o X 
w 
TJ 
l-i 
m 
0 
M 
o fc 
o 
fc4 
0 
r-! 
0) 
x fc 
^ 
u 
t=^  
01 
0 
-H 
0) 
p^  a: 
V 
• • 
-H 0 
c 0 2 
u 0 
O 
i n 
U 0 
o 
m 
U 
0 
o i n 
U 
0 
o 
fO 
U 
0 
o 
i n 
u 
o 
o 
n 
U 
0 
o 
m 
U 
o 
o 
n 
CO 
O 
O 
o 
i r . 
m 
o 
o 
1 
r~ 
rH 
O 
rH 
t n 
CM 
en 
* 
o 
r~ 
CO 
ro 
O 
OJ 
o 
ro 
O 
vO 
i-H 
m 
(-M 
rH 
r o 
CTi 
T- l 
r - l 
VO 
vD 
fO 
O 
1 
i n 
CD 
ro 
O 
1 
t H 
r-
>* 
o 
ro 
^ 
•* 
O 
vO 
C3^  
O 
O 
1 
• H 
O 
rH 
O 
1 
CTi 
rH 
CO 
o 
vO 
o CO 
o 
( N 
CN 
a\ 
^ 
o 
1 
vC 
ro 
«D 
o 
1 
ox 
r-
n 
o 
(Ti 
r^  
CNJ 
o 
o 
o 
•* 
o 1 
CX) 
04 
CN 
O 
1 
rH 
IT) 
• * 
O 
r~ 
CNJ 
VO 
o 
ro 
m 
rH 
r-
o 1 
vD 
i n 
00 
o 1 
o 
vD 
CN 
O 
• ^ 
cri 
rH 
o 
OD 
CO 
VO 
O 
1 
o 
r o 
i n 
o 1 
CO 
vO 
OJ 
o 
VO 
i n 
m 
O 
•^  
o 
m 
00 
o 1 
o VO 
(T> 
O 
1 
CD 
rH 
CN 
O 
CM 
r-
rH 
O 
r~ 
C3N 
CO 
o 1 
• * 
r-~ 
VO 
o 1 
ro 
(Ji 
r H 
O 
O 
r~-
CM 
O 
i n 
r-
•«j" 
o 
rH 
1 
r-
i n 
o 
r-\ 
1 
-^t 
VO 
rH 
O 
ro 
vO 
rH 
O 
O 
<JN 
O 
rH 
1 
o i n 
CO 
o 1 
vO 
'd^ 
rH 
O 
m 
O 
C-J 
O 
VO 
r~ 
CN 
r H 
rH 
1 
r-
CM 
rH 
r-t 
1 
r-
i n 
rS 
o 
vD 
i n 
T-i 
o 
ri 
rH 
o 
rH 
1 
CN 
-^ 
CTi 
O 
1 
i n 
r~-
rH 
O 
rH 
00 
rH 
O 
r^  
CN 
r-
rH 
r H 
1 
CN 
r~ CN 
rH 
1 
C^ 
i n 
rH 
o 
CN 
m 
rH 
o 
en 
n 
o 
rH 
1 
CO 
•"t 
rH 
rH 
1 
rH 
r-
rH 
O 
i n 
ro 
rH 
O 
00 
i n 
CTi 
CN 
rH 
1 
r-
o 
rH 
1 
rH 
• ^ 
rH 
o 
00 
CTi 
o 
o 
ro 
o\ 
rH 
rH 
1 
o> OJ 
CN 
rH 
1 
CTV 
ro 
rH 
O 
O 
m 
rH 
o 
cri 
o 
o\ 
a\ 
rH 
! 
(N 
• * 
CN 
C^ 
1 
rH 
VD 
o 
o 
•* 
«* 
o 
o 
r-
a\ CN 
rH 
1 
00 
r-
ro 
r-{ 
1 
i n 
m 
rH 
o 
CTi 
o 
rH 
O 
o 
126 
>-l 
0 
-^l 
u 
0 
o in 
T) 
C 
m 
o 
n 
+J (0 
^—. 
H 
3C 
1 
^^ 
H 
M 
^^ 
P 
u 
>w 
o 
w 
4-> 
c 0) 
in -H 
• u 
•^ -H 
4-1 
W U-1 
•4 OJ 
§ 8 
H 
>! 
•P 
•H 
> 
•H 
t; 
c; 
rH 
0) 
to 
T3 
C 
IT) 
W 
o 
ti 
rO 
4-1 
C 
o 
fO 
u fO 
o^  0) 
w 
4-1 
o 
w 
(U 
3 
M 
(C 
> 
OJ 
+J 
m 
s: 
8^  
0 
^ 
ft 
0 
c <D 
W 
U 
(d 
*—>. 
> 
—^ 
>1 
c () 
6 
•H 
-P 
C 
rO 
C 
O 
W 
CU 
cn 
c (t) 
u 
X 
0) 
T> 
l-l 
m 
•? 
>^  () 
m 
XI 
0^ 
c (0 
TJ 
M 
(0 
g 
O 
4H 
m 
QJ 
CJi 
c 
x: 
u 
X 
w 
03 
m 
o 
w 
0) 
Oi 
c 
x: 
u 
X 
w 
LI 
fO 
a 
o 
1-1 
o 
U 
C3^ 
O 
:3 
u 
en 
o 
3 
U X 
'H O 
U 
O 
o 
in 
U 
D 
o 
n 
o 
C) 
1 
o in 
o 
o 
• 
o 
T-t 
o 
• 
o 
1 
o 
o 
• 
o 
o 
o 
• 
o 
o 
en 
• 
o 
C) 
1 
o 
m 
CM 
<N 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
VO 
o 
o 
o 
n 
o 
TH 
o 
1 
en 
m 
00 
o 
1 
VO 
<-i 
• < * 
1 
r-
vD 
vD 
1 
00 
rn 
IJ\ 
1 
J-i 
VO 
a\ 
n 
1 
u 
o 
o 
in 
u 
o 
o 
m 
^ CO 
ro CM 
O 
O 
O 
in 
o 
00 
CN 
tfl ^ 
•«1< CO 
VO 
in 
VO 
0^ 
vO 
00 
o 
I 
o 
I 
o 
I 
o 
I 
o 
I 
o o 
VO r-
in 
in m 
o 
o 
o 
o 
o 
o 
«* 00 
O CN 
o 
o 
o 
o 
o 
o 
<N 
T H 
o 
M-
o 
rH 
o 
1 
rH 
t~-
CN 
o 
I 
CO 
0^. 
'3' 
O 
1 
VO 
VO 
r-
o 
1 
00 
CO 
CO 
o 
' 
CTi 
rH 
o 
rH 
1 
in 
en 
rH 
rH 
1 
o 
•>* 
ro 
rH 
I 
C) 
> 
o 
in 
r-t 
n 
o 
ro 
vO 
00 
CN 
in 
VO 
• < * 
r^  
in 
VO 
^ 
in 
o 
ro 
ro 
CM 
ro 
O 
CN 
CN 
CO 
r~ 
rH 
00 
CN 
rH 
C) 
•> 
O 
ro 
O 
O 
O 
CN 
O 
00 
VO 
in 
CN 
CM 
r^  in 
VO 
r-
CO 
o 
• ^ 
CN 
CN 
O 
CN 
00 
VO 
r-i 
•<* 
ro 
rH 
ro 
rH 
rH 
ro 
ro 
CTi 
• 
O 
1 
ro 
CN 
ro 
• 
r-l 
in 
r^  
rH 
• 
CN 
1 
O 
in 
00 
• 
CN 
1 
•>* 
ro 
in 
ro 
VO 
ro 
VO 
VD 
T H 
00 (J\ 
O 
rH 
00 
o 
ro 
VO 
r-
m 
CN 
o CN 
rH 
00 
o 
00 
in 
o 
rH 
• * 
o 
ro 
O 
O 
in VD CO 0\ 
128 
O ' * <3 
- 1 l/> 
II. I II 
O f < )4c« 
._ c 
o L, X 
X X 
o •* 
X X X 
* <1 • 
o 
o 
o 
o 
\ \ 11 
•4-
O O 
d 
o 
o 
d 
( 6 / b a u i ) paSuci^DX? uoi uzbajpAy^o ^unouux^ 
<i^-* • o 
< ! * : ' < • O 
X X X X X 
I I I • ' 
._ c 3 o, en 
Z 2 U U. X 
O •« ^ <3 • 
< * • * 
o 
x : 
^ - DL 
JO ^ O 
•*-* . -« x ; 
> X o 
X ^ O 
H- ^ --~ 
O -^ > 
E 
in 
E 
" •sr 
q 
d o o o 
o 
o 
d 
( 5 / b a m ) p a S u e q a x a uo j l e j a w >o j u n o u j i 
X ) 
(1> 
en 
c 
o 
x: 
« j 
X 
0; 
• 4 - * 
c 
3 
o 
E 
o 
H— 
o 
tn 
• 4 - ' 
o 
Q. 
• • CM 
• 
^ 
• 
Dl 
-H 
P4 
^ 
^^ 
' • 
~^~| 
*^ --
D 
O 
** 
^ 
»—4 
Ol 
U, 
*^ 
,—^  
k ~ 4 
s , 
C 
S 
*~^  
>< 
c 
o 
6 
-*-» 
c 
< 
c 
o 
0/ 
l/> 
n 
in 
Ol 
> 
^ £ -2^  
•D —. -"^  x : 
O' ":r tn Q. 
en - , 3 in 
c -^ tn o 
o •" i_ x : 
x : ' ^ 0/ Q. 
* - > : = : > o 
X v _ ^ C 
<^  D __ Q' 
- i - O . _ ^ 
r- I-
§ ^ ^ ° 
o tz: x: C £ t i -^  > 
o a> > ^^ 
O; U. 
x : •» ^ - c 
- b :i^  £ 
tn c X c 
o 2 ^ < 
r <•- c c 
LL O O O 
Dl 
-H 
129 
"^ S-. •^• 
' • - S - * -
i n 
fM 
O 
fSI 
i n 
6 
o 
d 
i n 
O 
^ ^ o 
o ^ 
X 
c 
o 
03 
d 
d 
o 
d 
o 
o 
o o o <-' <^  o 
o 
I/) 
c 
o 
2 
c 
o 
o 
c 
> 
cr 
liJ 
"D 
c 
o 
X 
I 
t ^-
3 O 
o o 
— c 
-T- O 
^ o 
-^ o 
,. o 
- ~ JZ 
•_. Q . 
v ^ 1/1 
o X -c 
- ^ 
_ Q) 
^- in 
- l _ 
O --^ — "--^  --- ^ -
O X X X X X 
O I 1 I ^ ^ 
< "^ ^ ^ ^ ^ 
Z 2 U U. X 
o -* * -a • 
i n o 
CO 
o 
O 
o 
o 
i n 
O 
O 
O 
i n 
O 
O 
O 
o 
o 
2 
X 
c 
o 
o 
in 
c 
o 
2 
c 
o 
u 
o 
c 
c 
> 
cr 
liJ 
X =^  
' o 
0 / 
> 4 -
o 
l / l 
- e 
c 
o 
l/l 
a> 
c 
o 
j r 
o 
X 
QJ 
O _ , 
'Z X 
c ^ 
o — 
x : — 
o ^-' 
X a> 
UJ X 
(Wy) ja6uet|DX3 ui uoi le^ai^ ^o uo i jDe j ; DIUOI ^us ieA inb^ 
en 
130 
o^, V 
o 
o 
o 
in 
d 
U3 
d 
d 
(H)( ) ja5ueqDxa ui uoi 
o 
o 
m 
<^  
< 
z 
,—. 
X 
o 
c 
X 
• 4 
'-^  
X 
* 
1 
I 
•O 
cn 
X 
1 
^^  
X 
• 
in 
d d d d 
o 
d 
(H)f) jaBue^Dxs ui uoi 
ua6ojpAH >o uoi^Dej^ oiuoi juaieAinbg 
c 
«i 
o» 
o 
I . 
T3 
X 
c 
o 
f8 
C X 
•ij 
C 3 
~ O 
.> c 
ai .2 
T3 
C 
o 
HI o 
^ ? 
^ o 
O I 
O; 
O 
^ CL 
— o 
. - Q. 
Z o 
I C 
_ en 
> 
CO 
o 
u> 
d 
v } 
o 
(SI 
o 
c 
en 
o 
T! 
>• X 
«•-
O 
r 
o 
•-* 
u 
05 
H -
u 
V 
o 
r (^  
Ol 
> 
-) 
cr 
liJ 
X 
X 
^^ 
c 
o 
3 
o 
l/t 
c 
c 
o 
c 
1 
, , 
I 
Qj 
r. 
--' 
»4-
O 
(/I 
fc L. 
O/ 
x : 
o 
u\ 
0) 
r 
o 
r 
o 
X 
txJ 
>-
c 
o 
r 
< 
c 
o 
l/l 
(V 
C7> 
r 
o 
x: 
o 
X 
O i 
-— 
^ 
r7> 
X 
I 
,—» 
» — . 
X 
en 
151 
dynamic parameters (37) are given in Tables 4.6 and 4 . 8 . 
The ove ra l l order of uptake i s Fe(III) > Ni(II) >Mn(II)"> 
Cu(II)> Hg(II) . The t h e o r e t i c a l examination of the data 
revea ls t h a t t h i s process i s highly influenced by the 
chemical and physical nature of the metal i ons . On the 
b a s i s of the chemical nature the above s e r i e s can be 
devided in to following sub groups v iz . (a) F e ( I I I ) > 
Ni ( I I )> Mn(II) and (b) Cu(II)> Hg(I I ) . In each of these 
groups the extent of exchange of the metal ions i s 
p a r a l l e l to the hydrated ion ic r a d i i . Further , the entropy 
of the process a lso increases with the increase in exchange. 
Tnis suggests t h a t the exchange of a l l these metal ions 
occurs in unhydrated forms. The metal ions, probably, shed 
some par t of t h e i r hydration she l l at the surface of the 
exchanger upto t h e extent t h e i r s izes are f i t for the 
migration through the pores of cav i ty . They migrate upto 
the exchange s i t e s in unhydrated forms and then get 
hydrated a f t e r being exchanged causing thereby the d i s t o r -
t i o n of t he ma t r ix . Further, t h i s d i s t o r t i o n i s p a r a l l e l 
t o t h e i r hydrated ionic r a d i i . Hence, the entropy of the 
systems inc reases with the increase in hydrated ion ic 
s izes of t hese metal ions . 
The ove ra l l process i s endothermic and spontaneous 
as indica ted by the enthalpy and free energy data respect ively 
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The spontaniety of the process increases with the decrease 
in t h e i r ion ic s i z e . This fur ther sv^jports t he model 
proposed above. The only anomaly in the system i s shown 
by Ni( I I ) which can be explained in terms of Jahn T e l l e r 
e f f e c t . In aqueous solut ion Ni{II) has an octahedral 
primary solvat ion she l l while Cu(II) has a t e t r a g o n a l l y 
d i s t o r t e d primary solvat ion shel l as a consequence of the s i id 
e f f e c t . I f the exchanging ions could have maintained the 
s imi la r configuration as were in aqueous so lu t ion , a large 
s t e r i c effect would have been operat ive for Ni(II) and 
decreased s t e r i c e f fec t , due to l a rge r Jahn T e l l e r defor-
2+ mation, for Cu(H 0)^ (26) . Since these metal ions exchange 
on antimony(V) arsenophosphate in unhydrated form, the 
said configuration of the aqueous solut ion i s no longer 
maintained and reverse effect i s observed i . e . Ni(I I ) 
shows l e s s s t e r i c hindrance than Cu(II) during the migration 
in to the exchanger phase. Thus the exchange of Ni(I I ) i s 
the most spontaneous process in the systems s tud ied . 
The equil ibrium concentration p lays an important 
ro l e in the extent of uptake. I t i s evident from the 
Figure 4 . 3 , t h a t at a lower concentrat ion, t he order of 
uptake of these metal ions i s d i f fe ren t i . e . Ni( I I ) > Fe(II I )> 
Cu(II) > . .nUl) >Hg(I l ) . This order i s exact ly reverse 
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t o t h a t observed for antimonic acid (26) probably because 
of t h e reverse type of mechanism explained above. 
Effect of increase in temperature becomes c lea r 
on comparing the isotherms at 30 and 50 C (Figure 4 , 3 ) . 
The overal l order of exchange of t he se metal ions becomes 
Pe( I I I )> Mn(Ii; >Ni(II) >Cu(II) >Hg(II) . This s e r i e s i s 
not exactly p a r a l l e l to the ion ic r a d i i and anomalous 
behaviour i s shown by Mn(II) which i s exchanged t o a grea ter 
extent than N i ( I I ) . The anomalous behaviour of Mn(II) was 
a^  so observed in case of antimonic acid (26) . I t i s i n t e r -
est ing to note tha t the t rend of thermodynamic parameters 
i s similar to tha t observed at 30 C and only the t o t a l 
uptake of Mn(II) i s increased. This phenomenon may be 
explained in terms of unique behaviour of Mn(II) (d^ 
system) among a l l bivalent t r a n s i t i o n metal i o n s . Free 
energy change i s negative for a l l the forward processes means 
tha t metal ions are preferably adsorbed on SbAsP surface 
as compared t o H(I) ions . 
The thermodynamic equi l ibr ium constant (K) i s 
highest for Ni(II) ion in the forward exchange followed 
by Cu(II) , F e ( I I I ) , Mn(II) and Hg ( I I ) / i nd ica t ing t h e 
a f f i n i t i e s for different metal ions in t h a t o rde r . At 
50 C, however, the K values a re in t h e order Ni ( I I )> 
Fe ( I I I )>Cu( I I )>Mn(I I ) >Hg(II) . The exchanger shows 
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grea te r a f f i n i t y for Ni(I I ) ion a t both the tenpera tures 
and the orders are the same except for F e ( I I I ) , Cu(II) and 
Mn(II) . 
Free energy change i s negat ive for a l l the forward 
processes which means tha t metal ions are adsorbed 
preferably to the H(I ) / ions on SbAsP surface, and the 
preference increases with the r i s e in temperature . 
However in the backward d i r e c t i o n i t i s negative only for 
the H(I)-Ni(II ) exchange/ i nd i ca t i ng an eas i e r e lu t ion 
of Ni(II) with an ac id . 
The standard enthalpy and entropy changes are 
pos i t i ve for both the forward and backward p roces ses . A 
pos i t i ve enthalpy change i n d i c a t e s t h a t these exchanges 
are endothermic. Pos i t i ve values of standard entropy change 
suggest tha t the metal ions are l e s s strongly bound to the 
exchanger than H(I) i o n s . 
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CHAPTER - V 
EVALUATION OF THE DIMENSIONLESS TIME PARA-
METER FOR SOME PARTICLE DIFFUSION CONTROLLED 
FORWARD AND REVERSE H(I)-CATION( I), OH(l)-
ANION(I) AND OH(l) - ANION(I)) EXCHANGES 
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INTRODUCTION 
I n o r g a n i c i o n e x c h a n g e r s a r e w e l l e s t a b l i s h e d 
m a t e r i a l s f o r t h e s e p a r a t i o n of m e t a l i o n s ( 1 - 1 3 ) . The 
r a t e f a c t o r i n t h e i o n exchange p r o c e s s i s of g r e a t 
i m p o r t a n c e f o r t h e economic and i n d u s t r i a l employment 
of t h e s e m a t e r i a l s . In t r u e i on exchange and f o r a p a r t i c l e 
d i f f u s i o n c o n t r o l l e d phenomenon where t h e f l u x e s of a t 
l e a s t two d i f f e r e n t i o n i c s p e c i e s a r e c o u p l e d w i t h one 
a n o t h e r ( 1 4 ) , t h e non l i n e a r N e r n s t - P l a n c k e q u a t i o n s 
a r e a p p l i c a b l e w i t h some a d d i t i o n a l a s s u m p t i o n s ( 1 5 , 1 6 ) . 
For t h i s a knowledge of d i m e n s i o n l e s s t i m e p a r a m e t e r ( T ) 
i s i m p o r t a n t b e c a u s e i t makes t h e c a l c u l a t i o n s much 
e a s i e r f o r t h e e v a l u a t i o n of k i n e t i c p a r a m e t e r s . T h i s 
d i m e n s i o n l e s s t i m e p a r a m e t e r ( T ) i n v o l v e s t h e d i f f u s i o n 
c o e f f i c i e n t of t h e c o u n t e r ion wh ich i s i n i t i a l l y i n t h e 
i o n e x c h a n g e r , i . e . D i n one c a s e and D i n t h e o t h e r . 
When t h e same t i m e s c a l e i s u s e d f o r f o r w a r a and r e v e r s e 
e x c h a n g e , i t becomes a p p a r a n t t h a t t h e exchange i s f a s t e r , 
when t h e f a s t e r c o i i n t e r i o n i s i n i t i a l l y i n t h e i o n 
e x c h a n g e r , and t h a t t h e d i f f e r e n c e i n r a t e i n c r e a s e s a s 
c o n v e r s i o n p r o g r e s s e s . The g r a p h i c a l method u s e d e a r l i e r 
( 1 7 - 2 2 ) t a k i n g i n t o c o n s i d e r a t i o n t h e e x p l i c i t e x p r e s s i o n 
of H e l f f e r i c h ( 2 3 , 2 4 ) was t e d i o u s and g i v e s o n l y t h e 
a p p r o x i m a t e ' v a l u e s . To improve t h e a c c u r a c y of r e s u l t s a 
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programme was i n s t i t u t e d in these l abo ra to r i e s (25) for 
evaluat ing t h i s parameter T , by the computer method. 
The T values obtained, however, were only for H(I) -
Metal ( I I ) exchange systems in both the forward and 
reverse p rocesses . 
This chapter i s an extension of such a study and 
deals with the r e s u l t s obtained for the dimensionless time 
parameter "^  , for the p a r t i c l e diffusion cont ro l led 
forh'ard and revexse H(I) - Ca t ion( I ) , OH(I) - Anion(I) 
and OH(I) - Anion(ll) exchanges. 
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RESULTS AND DISCUSSION 
The f r a c t i o n a l a t t a i n m e n t of e q u i l i b r i u m , ^^ f ^ 
may b e e x p r e s s e d a s : 
The amount o f e x c h a n g e a t t i m e t , ^ 
(T) " The amount o f e x c h a n g e ^^gqufi i^rf i im}" '® 
A c c o r d i n g t o t h e e x p l i c i t a p p r o x i m a t i o n g i v e n 
by H e l f f e r i c h e t a l . ( 2 3 , 2 4 ) t h e f r a c t i o n a l a t t a i n m e n t of 
e q u i l i b r i u m f o r a p a r t i c l e d i f f u s i o n c o n t r o l l e d phenomenon 
i s g i v e n by 
^ T ) 1-exp [•rt^{f^{'<-)r + f^i<<)r^ + f^M T ^ ) ] ] ' ' •12 (2) 
where T = S^t/r^ and mobili ty r a t i o , c< = D^/Dg. The 
coe f f i c i en t s of counter ions A and B respect ively in the 
ion exchanger phase, r_ i s the bead radius and t i s the 
t ime . 
For monovalent count:er ions (ca t ionsor anions) 
A monovalent ion exchange phenomenon may be 
expressed as fol lows: 
^^-^ ^ S o l . ) ^ = ^ ^ + ^ s o l . ) 
(where the barred symbols denote the ion exchanger phase) 
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For t h e above p r o c e s s , b o t h i n t h e forward and 
r e v e r s e d i r e c t i o n s , t h e c o e f f i c i e n t s ar e g i v e n by 
f^ (oC) = _ 1 / ( 0 . 5 7 + 0 .43<< °*'^'^^) 
f 2 (°<^ ) = 1 / ( 0 . 2 6 + 0 .782<< ) 
f 2 (oc) = _ 1 / ( 0 . 1 6 5 + 0 o l 7 7 ^ ) 
i n t h e r a n g e 0 , 1 ^ oC ^ 1 0 . 
For b i v a l e n t a n i o n s 
A b i v a l e n t a n i o n e x c h a n g e e q u a t i o n may be g i v e n 
a s : 
2R'*'0H'" + A^" ^ = : ^ R^ A^" + 2 0 H " 
For t h e f o r w a r d p r o c e s s i . e . i f t h e i o n e x c h a n g e r 
i s t a k e n in t h e OH(I) form and t h e e x c h a n g i n g i o n i s A( I I ) 
t h e n t h e c o e f f i c i e n t s a r e g i v e n , i n t h e r a n g e 1 ^ «^ ^ 2 0 , 
by 
f^(ac) = - 1 / ( 0 . 6 4 + 0 . 3 6 « C ° ' ^ ^ ^ ) 
f^(oc) = - 1 / ( 0 . 9 6 - 2 . 0 o C ° - ^ ^ 3 ^ ) 
f^{<.) = - 1 / ( 0 . 2 7 + O.OgoC^ ' l^ ) 
For t h e r e v e r s e p r o c e s s i . e . , when t h e i o n exchange r 
i s i n t h e A ( I I ) form end t h e e x c h a n g i n g i o n i s CK(I) we have 
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£,(•<:) = - 1 / ( 0 . 3 5 + 0.650^ "•®'') 
• 2 ' 
in t h e range 0,05<<< ^ i and 0 4 ^ ^ ^ 0 , 0 4 and 
f,(»^) = 1 / (0 .03 + 1.012<<^*°^) 
f,(«C) = - 1 / ( 0 . 0 0 2 6 5 + 0 . 3 5 4 ^ 2.671^ 
f^CO = - 1 / ( 0 . 4 3 8 + 0.562«< °''^^'^) 
f^W = 1/(0.127 + 0.9l5oC ^•°^'^) 
£ 3 ( 0 = 1 / ( 0 . 0 0 8 - 0.365<7C °*'^^^) 
for O.OB^oC^i and ^ ; ^ 0 . 0 4 . 
The ^ v a l u e s ob ta ined from Equat ion-2 f o r t h e 
forward and r e v e r s e exchange of H(I) wi th some monovalent 
c a t i o n s , OH(I) wi th some monovalent and b i v a l e n t an ions 
a re given in Tab l e s 5 . 1 - 5 . 6 for t h e v a r i o u s f r a c t i o n a l 
exchange v a l u e s . A computer, model VAX 11/78 0 manufactured 
by t h e d i g i t a l equipment c o r p o r a t i o n , Maynard, MA, was 
used fo r t h e s e c a l c u l a t i o n s . 
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